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2 Chapter 1 - Background knowledge
1.1 DNA: the carrier of genetic information
You can imagine DNA, deoxyribonucleic acid, as an instruction book for building proteins,
cells, major organs, and every other thing in your body. This type of book, applicable to
all living things, is written in a language containing four letters A, T, C, G. Scientifically
speaking, DNA is a polymer composed of four types of nucleotide. A nucleotide is
composed of a pentagonal sugar unit, a phosphate group, and a base (the four letters), see
Figure 1A. The bases are adenine (A), cytosine (C), guanine (G), and thymine (T), which
align on a backbone, formed by the sugar unit and the phosphate group. Such a single linear
backbone with the addition of the bases is called a strand. Two strands stick together while
the bases on each strand form base-pairs (bp; A-T and C-G).
The forces between the base-pairs arise due to Van der Waals interactions and hydrogen
bonds. An A-T pair exhibits two hydrogen bonds, while a C-G pair exhibits three hydrogen
bonds, making C-G pairs more stable than A-T pairs. The two strands stack their base-pairs,
while the structure shapes into a helical polymer with the base-pairs facing inward and the
backbone on the outside, see Figure 1B.
Figure 1. Structure of double-stranded DNA. (A) Schematic illustration of DNA base-
pairing. Hydrogen bonds are represented by a red dotted line. (B) Double-stranded DNA
forms a double helix structure. Copyright © McGraw-Hill Education.
Double-stranded DNA (dsDNA) has been described in physical terms using polymer
models. dsDNA behaves as a semi-flexible polymer that is stiff at a short length scale of
about 150 bps (50 nm). Bending is energetically unfavourable at this length, which is called
the persistence length (Lp). The physical length of the DNA molecule is referred to as
the contour length (Lc). Free in solution, DNA coils up as a sphere, which is captured by
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the parameter, radius of gyration (Rg). Besides these parameters, also temperature affects
the elastic behaviour of the DNA polymer and is included in the term of potential energy
(kBT , where kB is the Boltzmann constant; T is the temperature in Kelvin scale). In the
presence of applied force on DNA, a characteristic force-extension behaviour is observed,
see Figure 2A. An extension up to about Lc, the DNA resists further increases in length
and the force required to stretch the molecule increases rapidly. At force about 65 pN, very
little additional force is needed to extend the DNA length to about 1.7-fold longer than
Lc. Upon initial inspection, the transition appears to be from dsDNA to single-stranded
DNA (ssDNA). The transition called overstretching, which occurs due to three mechanisms
depending on the conditions in which overstretching takes place: (1) DNA is unwound but
two strands are still attached to each other, (this is known as S-DNA); (2) melting bubbles
are formed in between the strands; (3) dsDNA is unpeeled from an end or a nick in the
DNA, see Figure 2B.
The conformational changes in DNA are crucial for understanding many protein-DNA
interactions and the hereditary process. To characterize the behaviour of DNA under
tensions, two models are commonly used in describing dsDNA: (1) the extensible worm-
like-chain model (eWLC; valid up to ∼30 pN) [1] (see formula 1) and (2) the twistable
worm-like-chain model (tWLC; valid up to ∼65 pN) [2]; One model used for describing















where x is the extension of DNA molecule; kB is Boltzmann constant, T is the temperature
in the unit of Kelvin; F is the applied tension on DNA, and S refers to the accuracy
(stiffness) of the applied tension.
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Figure 2. Force extension curves and possible DNA conformations. (A) force-distance
(FD) curves of bare DNA. Extraction curve in black and pure ssDNA in red. The blue
and pink bold lines are the fitting of eWLC and FJC models. (B) Three possible DNA
conformations caused by force-induced melting. (1) dsDNA unwound; (2) dsDNA forms
melting bubbles; (3) dsDNA unpeeled from an end. Figure taken from van Mameren 2009
[4].
1.2 Nucleoid architectural proteins and HU protein
Proteins are the application engineers of life taking care of various life processes such
as shaping DNA during transcription and preform DNA replication. Proteins consist of
amino acids and their sequence is encoded within DNA; three nucleotides encode for one
amino acid. In total, 20 different amino acids provide different amounts of amino acid
and compose a unique sequence for each protein. The folding of the amino acid chain is
determined by the physicochemical properties of the amino acids. The structure of proteins
and the changes therein are key to their function.
A specific group of proteins, generally without enzymatic activity, is involved in
organizing DNA; allowing long DNA molecules to fold into higher-order structures with
compacted conformation and often with a defined function. These proteins are expressed in
organisms from all domains of life; bacteria, archaea, and eukarya. They are called nucleoid
architectural proteins (NAPs) in bacterial cells and some archaeal cells. In eukaryotic
and some archaeal cell, “histone” proteins are playing the same role in organizing DNA.
About twenty different NAPs have been identified in E. coli. Structurally they function in
bending, bridging, wrapping, or forming filaments to generate DNA. Examples include
HU (histone-like protein from E. coli strain U93), H-NS (histone-like nucleoid structuring
protein), IHF (integration host factor), Dps (DNA binding protein from a starved cell), and
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Fis (factor for inversion stimulation) [5, 6].
HU protein is one of the most abundant proteins in the cell during replication (one
HU monomer to each 85–150 bp) [7, 8]. It was discovered from E. coli. in 1975 by J.
Rouvière-Yaniv and F. Gros [9]. The HU protomer consists of two monomers, HUα and
HUβ , coming together to form either a hetero- or homo-dimer with 18 kDa in mass. The
protein consists of a “body” with two protruding β-ribbon “arms”, see Figure 3A and 3B.
HU binds DNA without obvious DNA sequence specificity, inserting its arms into the minor
groove of the DNA helix. In doing so it causes a sharp bend, up to ∼160 degrees, which is
considered to be crucial to its function in gene regulation [10, 11]. Whereas bending by
individual HU dimers would obviously permit compact folding of DNA, HU exhibits other
modes of binding that lead to the stiffening of DNA. Several models have been proposed
according to which HU can form multiple complexes to compress DNA and filaments to
extend DNA, see Figure 3C. Unfolding of DNA, enhancing its accessibility is of functional
importance in modulating activities of proteins that need to act upon DNA such as helicase,
DNA polymerase, and RNA polymerase.
Figure 3. Protein structure data resolved by X-ray. (A) Ribbon diagram of HU-DNA
homodimer structure. (B) is the top-view of the structure. Anabaena TR3 (strain PCC
7120/SAG25.82/UTEX2576) PDB 1P71 [12]. (C) Filamentation model proposed by
Hammel et. al [13]. Escherichia coli (strain K12) PDB 2O97.
1.3 Regulation of DNA replication
DNA replication is a biological process for producing two identical replicas of DNA from
one template DNA molecule. The process requires a set of dedicated proteins together
assembling into a replisome. A very simple and well-studied replisome is that of bac-
teriophage T7, which involves only four types of proteins: helicase-primase (gp4), DNA
polymerase (gp5), single-stranded DNA binding protein (gp2.5), and the host protein
6 Chapter 1 - Background knowledge
thioredoxin. The model in Figure 4 [2] schematically summarizes the positions and func-
tions of each protein in the replisome. The members of the replisome assemble into a stable
replisome complex. DNA polymerase generates DNA in the 5’ to 3’ (the carbon of DNA
sugar backbone with a phosphate and a hydroxyl group attached, respectively) direction.
Among the proteins in the replisome, DNA polymerase (DNAp) generates the bases
filling, terminates the motion while base-pairs are mismatched, and proofreads replication
activity. Consequently, DNAp yields three states in the kinetic of DNA replication: poly-
merization (adds nucleotides), exonuclease (removes nucleotides), and pauses (be stalled or
exchanges with protein in the background). To describe the movements of DNAp requires
more considerations such as protein-protein interactions while other DNA binding proteins
bound on DNA as a roadblock to DNAp.
Figure 4. A model of a T7 replication. The DNA polymerase can exchange with the
DNAp in the background by detaching from the replisome. Figure is taken from Johnson et.
al. 2007 [2].
1.4 Crowding effects
Crowding effects are due to the fact that two objects cannot occupy the same space at the
same time. The effect is particularly strong when the crowding agent represents a large
volume fraction in a confined system. This yields non-specific reactions between molecules
in equilibrium in the system [14]; there are (steric, electrostatic) repulsion and (electrostatic,
hydrophobic) attraction forces between molecules. The details of how crowding affects
equilibria are explained in Box 1 [15].
Crowding effects are important because each living cell contains a high concentration
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of macromolecules, including proteins, which occupy up to 20–30 % of the total cell
volume [16]. The excluded volume is not only considering the volume of the objects,
but also their size, shape, and the charges between the protein of interest and crowding
species. Figure 5 describes the two situations with different sizes of the proteins of interest;
here the steric repulsion results in a smaller available volume for the protein of interest to
penetrate the crowds of macromolecules. Consequently, the overall behaviours of individual
proteins, peptides, and nucleotides are changed. After decades of study, it is still difficult to
quantify and predict any specific molecular reaction because the shape of the object is not
always spherical and homogeneous; the surface electron distribution depends on different
conformations of the biomolecules.
By adding natural or synthetic macromolecules as crowding agents in vitro, crowding
conditions found in living cells can be mimicked. Two categories of crowding agents
are commonly used; natural macromolecules and synthetic macromolecules, which you
can design a desired size of the polymer. The first type includes, for example, bovine
serum albumin (BSA), ribonuclease, cyanomethemoglobin, lysozyme, and blotting-grade
blocker (BGB) are all extracted proteins from cells or milk. The second category includes
polyethylene glycol (PEG), Ficoll, dextran.
Many studies investigating the crowding effects on protein in vitro have mostly been
done using biochemical methods. For instance, the addition of PEG in a mixture of
DNA binding protein and DNA yield a higher efficiency in DNA condensation in gel
electrophoresis experiments [17]. The anti-correlation between the volume of isolated
nucleoids and the PEG concentration is addressed by microscopic imaging [18]. Moreover,
the crowding effects influence the conformational changes, which can then be measured
by Far-UV circular dichroism (CD), which also shows that the crowding environment
influences different aspects of proteins [19]. More and more investigations are focusing on
crowding effects and more single-molecular approaches are used [20].
Figure 5. A schematic illustration of the crowding effect. A protein of test (T) is smaller
than crowding molecules in A and test protein is of a similar size to the background in B.
Color in pink and black represent excluded volume and blue represent available volume.
‘T’ represents the test molecule. Figure is taken from Minton 2001 [14].
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1.5 Single-molecule approaches
Single-molecule approaches have revolutionized the understanding of molecular mech-
anisms in biology. They can provide the information of short-lived intermediate states
in complex processes or rare events, synchronize reactions or infer transitions from one
discrete conformation to another. These cannot be gained by looking at an ensemble of
DNA molecules.
Various single-molecule techniques have been developed; atomic force microscopy
[21], magnetic tweezers [22], optical tweezers [23], tethered particle motion (TPM) [24],
fluorescence resonance energy transfer (FRET) [25], and acoustic force spectroscopy (AFS)
[26]. Moreover, the fluorescent imaging can be implemented into optical tweezers for
detecting the single fluorescent molecules bound along with DNA [27].
Optical tweezers are formed by a tightly focused laser beam, where the light momentum
drives a transparent object (i.e. micro-size bead) towards the centre of the focus in-plane
in parallel and perpendicular directions to the laser beam, and keeps the bead stalled at
the focused point. This driving force is a combination of an axial gradient force and a
lateral gradient force. Figure 6 is an example where a bead is out of the focus. Here the
scattering force of the laser drives the bead out of the focus. However, the axial gradient
force counteracts the scattering force and restores the bead back towards the laser focus.
Once the bead is trapped, the force that holds the particle in the focus can be determined
by measuring the deflected light of the trapping laser. The intensity distribution detected on
a position sensitive device (PSD) is further calibrated into force (pN) unit [28].
Figure 6. Illustration of how a laser beam traps a micro-sphere. A bead is displaced
out of the trap in a vertical direction, the incident rays−→p1 and−→p2 (black arrows) are refracted.
This situation leads to a net light momentum change ∆−→p (red arrow); a net reaction force
on the bead is in the same direction of the highest intensity.
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Optical tweezers can be integrated with fluorescence microscopy. Fluorescence is a
process where the material, dye, absorbs a specific wavelength and subsequently emits a
longer wavelength (Stokes shift), see Figure 7A. The wavelength shift is caused by the loss
of energy when an electron is transferred from an excited energy level to a lower energy
level and releases a photon. The more the wavelength is shifted, the clearer is the colour
contrast of objects for detection. However, this energy transition due to a photon release
has a specific lifetime. The process of excitation and maintenance of the signal until it
turns into a dark state is called photobleaching. Different fluorescent dyes have different
bleaching times. Confocal fluorescence microscopy initiates excitation only when the dye
is at the scanning location and simultaneously records signals. This method helps to slow
down the bleaching of the dyes.
In our implementation, we scan the confocal spot along with a DNA that is tethered
between the beads, which are trapped by optical tweezers, see Figure 7B. The confocal
fluorescence scanning is used to visualize fluorescently labelled single-molecules on the
DNA.
Figure 7. The illustration of the fluorescent process and the confocal scanning in
optical tweezers. (A) The processes involved an excited electronic single state by light
absorption and subsequent emission of fluorescing. As the electrons in the fluorophore
return to the ground state (E0), a photon of lower energy and longer wavelength is emitted.
Some of the energy is dissipated as heat or other processes (between E2 and E1). Behind
the energy state is the spectrum of excitation (dash line) and emission (yellow shaded area)
of dye Alexa555, the green vertical light is the excitation laser at 532 nm. Figure exported
from Thermal Fisher. (B) Schematic of fluorescence scanning. Pink spheres represent
Alexa555-labeled protein, the yellow-green signal is the emission light after excitation.
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1.6 Outline of this thesis
Chapter 2 describes how to perform an acoustic force spectroscopy experiment. A step-
by-step guide with a detailed description of the AFS setup and protocols for cleaning and
passivating of the microfluidic device, and a DNA constructs reference table are provided.
In addition, two examples of DNA binding protein-DNA interactions are included.
Chapter 3 reports a novel study on the impacts of divalent cations and crowding agents
using TPM. We analyze the transition state of the dual binding modes of HU protein on
dsDNA and reveal the relationship between HU binding proteins with the crowding agents
and with Mg2+. Three crowding agents have been used: blocking grade blotting (BGB),
bovine serum albumin (BSA), polyethylene glycol (PEG8000).
Chapter 4 presents the study of the interactions of DNA with fluorescence labelled HU.
We show that labelled HU diffuses along dsDNA in a way that is highly correlated with
the salt condition. Here we select Mg2+, as it is an important element that influences the
conformation of some proteins.
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2.1 Abstract
Acoustic Force Spectroscopy (AFS) is a single-molecule micromanipulation technique
that uses sound waves to exert force on surface-tethered DNA molecules in a microfluidic
chamber. As large numbers of individual protein-DNA complexes are tracked in parallel,
AFS provides insight into the individual properties of such complexes as well as their
population averages. In this chapter, we describe in detail how to perform AFS experiments
specifically on bare DNA, protein- DNA complexes, and how to extract their (effective)
persistence length and contour length from force-extension relations.
2.2 Keywords
Acoustic force spectroscopy, Single-molecule manipulation, Protein-DNA interaction,
DNA-binding protein, Bacterial chromatin protein
2.3 Introduction
The principle of applying sound waves to manipulate objects was first described in 2004 [1],
when Hawkes and colleagues used an ultrasonic standing wave to drive bacteria spores in
microfluidic systems. About 10 years later this concept was modified such that controlled
forces could be applied to molecules with sound waves, a method called acoustic force
spectroscopy (AFS) [2]. The experimental layout for studying protein-DNA complexes is
similar to that used for tethered particle motion (TPM) [3] and magnetic tweezers (MT) [4]:
one end of a DNA substrate is labeled with DIG to bind the anti-DIG on the sample carrier
or flow chamber surface, while the other end of the DNA is labeled with biotin to bind on
the silica or magnetic beads. In AFS, force is applied vertically to microspheres attached
to surface-tethered DNA molecules as is the case for MT. The x-y motion of the bead is
monitored and its diffraction pattern is used to determine its z-position from a look-up table
(LUT) of radial profiles [2]. The difference in z-position compared to that of a reference
bead directly attached to the surface corresponds to the end-to-end distance of the DNA
tether. Acoustic pressure is generated by a vibrating piezo element attached to the bottom or
top of the flow cell. The acoustic pressure transfers potential energy into the medium in the
flow cell chamber and forms a standing wave. Particles, in this case, polystyrene or silica
microspheres 1–5 µm in diameter (with a volume V ), are forced to align at the nodes of the
standing wave. By increasing the voltage (changing the amplitude of the wave), beads will
experience a larger force (F ) toward the wave node. The effective force applied on each














where P is the acoustic pressure (energy gradient), v is the velocity of acoustic velocity,
and ρ∗ = ρp/ρm and K∗ = Kp/Km are the density ratio and compressibility ratio
between the particle and the fluid, respectively [6]. The magnitude of the force applied
to a bead is determined by the material and size of the bead, the medium inside the flow
cell, and the vibration of the piezo. We routinely apply forces up to ∼70 pN to achieve
DNA overstretching and protein unfolding, with polystyrene microspheres, 4.5µm in
diameter. Here, we describe the assembly of an acoustic force spectroscopy instrument
around a commercial inverted microscope and explain how to perform experiments on DNA
molecules and protein-DNA complexes. In addition, we demonstrate how structural and
mechanochemical properties of protein-DNA complexes can be extracted from AFS data.
2.4 Materials
Prepare all solutions by using ultrapure water (prepared by purifying deionized water, to
attain a sensitivity of 18 MΩ cm at 25 ◦C; MilliQ). Prepare solutions at room temperature
(RT) and store at 4 ◦C.
2.4.1 Stock solutions and beads
Buffer for analysis by agarose gel electrophoresis
• TAE: 40 mM Tris (pH 7.6), 20 mM acetic acid and 1 mM EDTA.
Solutions for reference bead preparation
• Buffer A: 100 mM Na2B4O7, 150 mM NaCl, 0.05 % w/v pluronics (pH 8.3) (BASF),
30µM Digoxigenin-NHS ester (Sigma-Aldrich).
• Buffer B: 10 mM HEPES (pH 7.5).
• Buffer C: 10 mM HEPES (pH 7.5) with 0.1 % pluronics.
Solutions for cleaning protocol
• Bleach solution: 0.7 M NaClO.
• Sodium thiosulfate solution: 10 mM Na2S2O3.
Solutions for passivation of the flow cell
• Phosphate-Buffered Saline (PBS, pH 7.4): 150 mM NaCl and 10 mM phosphate. 1 mM
EDTA and 10 mM NaN3 are added to prevent bacterial growth in the buffer.
• Anti-digoxigenin solution: 200µg/mL anti-DIG (Roche) in PBS.
• Buffer D: 0.2 % (w/v) BSA (Sigma-Aldrich) in PBS.
• Buffer E: 0.5 % (w/v) Pluronics (Sigma-Aldrich) in PBS.
• Buffer F: 0.02 % (w/v) Casein (Roche) and 0.02 % (w/v) Pluronics in PBS.
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Solutions for passivation of the flow cell
• 1.9µm Streptavidin-coated bead (Kisker Biotech) in PBS.
• 4.5µm Streptavidin-coated bead (Kisker Biotech) in PBS.
2.4.2 DNA substrates
DNA substrates for AFS experiments are generated via Polymerase Chain Reaction (PCR)
using 5’ biotinylated and 5’ Digoxygenin-labeled primers, see Note 1. The length of DNA
is designed to be in the range significantly shorter than the distance from the surface to the
wave node. AFS is capable of measuring DNA substrates as short as 1 kbp and as long as
45.5 kbps [7]. Table 1 and 2.5.1, step 2 summarize oligonucleotides used to generate our
toolbox of DNA of different lengths (2000–8000 bp) and sequence content (32 % and 50 %
GC) by PCR. All DNA substrates are stored at -20 ◦C after purification and concentration
determination.
1) A DNA template contains the sequence of interest; plasmid pKYBI (8393 bp, New
England Biolabs) and plasmid pRD227 are used as the templates for 8000 bp DNA
substrate with 50 % GC content and 2000 bp DNA substrate with 32 % GC content,
respectively.
2) 5’ biotin-labeled reverse primer, see Table 1.
3) 5’ digoxygenin-labeled forward primer, see Table 1.
4) 100 % DMSO (New England Biolabs).
5) Recombinant Taq DNA polymerase (5 U/µL) (Thermo Scientific).
6) Deoxyribose Nucleotide Triphosphate (dNTP mix) (Thermo Scientific, 2 mM).
7) Taq DNA polymerase reaction buffer (Thermo Scientific,10×).
8) GenElute™ PCR cleanup kit (Sigma-Aldrich).
9) Biorad T100 Thermocycler PCR or any other available PCR machine.
10) 1 % agarose gel in 1× TAE.
11) Nanodrop® (Thermo Scientific).
12) GeneRuler DNA ladder (Thermo Fisher Scientific).
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Table 1. Primer sequences
Primer name Sequence (5’–3’) Modification
32 % GC AFS General GTGTGTGTGTGTGGTGTGTGGTGGATAC 5’ Digoxygeninforward primer TATGACAACTTGAACGGCGTAAAAGAGG
2000 bp 32 % GC AFS GTGTGTGTGTGTGGTGTGTGGTGGT 5’ Biotinreverse primer CCCTCACTAGTTTAGTACATGAACTG
50 % GC AFS general CTCTCTCTCTCTTCTCTCTTCTCT 5’ Digoxygeninforward primer GAATTCGCGGCCGCCGTC
2000 bp 50 % GC AFS CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotinreverse primer CAGTGGGAACGATGCCCTC
4000 bp 50 % GC AFS CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotinreverse primer CAGCGGTGGTTTGTTTGCCG
6000 bp 50 % GC AFS CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotinreverse primer CGATCCCCGGCAAAACAGC
8000 bp 50 % GC AFS CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotinreverse primer GGTACCAATGTTTTAATGGCGGATG
2.4.3 AFS instrument
The AFS system is built around a commercially available inverted microscope combined
with commercially available electronics and a commercially available AFS chip, see
Figure 1.
1) Microscope: Inverted microscope (Nikon, TE200) with condenser (Nikon, LWD
lens), CFI Achromat 40× air objective (Nikon, NA = 0.65).
2) llumination: Collimated LED (ThorLabs, 660 nm, 1200 mA) (see Note 2).
3) CMOS camera (Thorlabs, monochrome, pixel size 5.3µm, 60 fps) connects to the
computer.
4) Stage: Z-axis piezo translation stage (PI, MCLS03200), driven by Nano-Drive
controller system (MCL, Nano-Drive, MCLC03200) which connects to the computer.
5) Function generator (Keysight, 33220A).
6) Power supply (Voltcraft, VSP 1410).
7) Amplifier (Mini-Circuits, LZY-22+).
8) TMC Vibracontrol clean top isolation table.
9) Computer: “Advanced AFS workstation” (LUMICKS B.V., AFS-CPU).
10) AFS-chip (LUMICKS B.V., AFS-CH2), see Figure 2.
11) AFS-chip temperature control holder, see Figure 3.
12) Custom pressure system. Syringes contain samples and buffers are connected to a
gas pressure container, see Figure 3.
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Figure 1. Illustration of the principle of Acoustic Force Spectroscopy. (a) The acoustic
force spectroscopy instrument consists of a flow cell, an inverted microscope visualizing
targets with objective lens (OL), temperature controller connected to the AFS-Chip holder,
a CMOS digital camera and 660 nm LED light source. (b) AFS flow cell consists of the
piezo element and two glass slides with a fluidic channel in between. The acoustic wave
generated by the piezo travels through the top glass to the bottom glass and the bottom glass
as a reflector reflects the acoustic wave, producing the standing wave over the flow cell. The
acoustic standing waves carry pressure profile, which generate acoustic forces. The tethered
particles in the flow channel exposed to the acoustic force are driven in the direction of
the acoustic pressure node. (c) The temperature controller independently connects to the
AFS-Chip metal holder. Both power supply and function generator connect to the amplifier,
which connects the piezo element.
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Figure 2. Schematic representation of an AFS-chip. The AFS flow cell consists of the
piezo element, top glass slide and bottom glass slide with a flow channel in between.
Figure 3. Schematic representation of the temperature control holder. The AFS-chip
fits into the temperature control metal holder (grey) and this metal holder fits into the flow
cell holder (light brown and navy blue) that consists of lid and base. When the lid closed,
the metal points on the lid, connected to the function generator and temperature controller,
will connect to their counterparts (metal regions) on the piezo and the metal holder (grey),
and the holes on the lid, connected to the pressure can by thin tube, will connect to their
counterparts (holes) on the AFS-chip.
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2.4.4 Particle tracking, control and analysis
Three programs, a bead tracking program, see 2.6, a data analysis program, see 2.7.1,
and an extensible worm-like-chain (eWLC) fitting program, see 2.7.2, are used during the
measurement and data analysis process.
1) The tracking program is written in LabVIEW [2] and available online at http://
figshare.com/articles/AFS_software/1195874. A detailed manual
is also provided with the software. It is used to:
(a) Control output frequency and output power of vibration. Apply a linear force
ramp mode, the voltage is ramped with a square-root function.
(b) Create a template image of a bead (imaged via a LED with a camera) to track
bead position using a template-matching algorithm.
(c) Track the x, y movements of tethered beads and record a look-up-table (LUT)
in z direction for each bead. Routinely, the z-stage is moved in 80 nm steps
through the LUT range of 0–8000 nm. The z-distance range of the LUT has to
be larger than the maximal extension of the DNA molecule.
(d) Calibrate force-voltage relationship.
2) The data analysis program is also written in LabVIEW [2] and available online via
the same link as indicated under 2.4.4, item 1. It is used to:
(a) Perform real-time acquisition of three-dimensional bead position in the flow
cell.
(b) Determine anchor points of all the tracked beads.
(c) Correct for drift based on positions of the surface attached reference beads, see
Note 3.
(d) Generate force-extension (force-distance, FD) curves.
3) The WLC model fitting program is written in MatLab [8] and available online at
https://github.com/onnodb/FDFIT/tree/AFSFitting. It is used to:
(a) Fit FD curves exported from data analysis program to the eWLC model.
(b) Extract values of parameters reflecting the physical characteristics of bare DNA
and protein-DNA complexes.
2.5 Methods
2.5.1 Generation of DNA substrate using PCR
1) DNA substrates for AFS experiments are generated by PCR. Carefully mix the reagents
below in a PCR tube. Keep the enzymes in a -20 ◦C cold block and dNTP stocks on ice
when taken outside the freezer.
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Reagent Quantity (µL)
dNTP mix (2 mM) 5
Forward primer (10 pmol) 1
Reverse primer (10 pmol) 1
Taq Polymerase buffer (10×) 5
DNA template (10 ng) 1
Taq DNA Polymerase (5 U/µL) 0.2
DMSO (100 %) 1.25
MilliQ Add to 50µL total volume
2) Use the program below to perform PCR (optimized for use in a Biorad T100 Thermo-
cycler).
Temperature (◦C) Duration Cycle
Initialization 95 5 min 1
Denaturation 95 30 s 35
Annealing 65 30 s 35
Extension/elongation 72 4 min 35
Final elongation 75 10 min 1
Final hold 15 ∞ 1
3) Load 5µL of each PCR product on a 1 % agarose gel in TAE buffer, alongside a DNA
marker for size estimation of the PCR product. Purify the PCR products with GeneElute
PCR cleanup kit. See Figure 4 for an example of the purified PCR products.
Figure 4. Visualization of PCR product size by agarose gel electrophoresis. (1) 2µL
of the GeneRuler DNA marker. (2) 2µL of the purified PCR product, and it is ready
for use in Acoustic Force Spectroscopy experiments. The schematic representation of
PCR-generated 5’ digoxigenin and 3’ biotin modified-DNA.
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4) Use Nanodrop® to measure the concentration of PCR products. Store the purified DNA
products in MilliQ at -20 ◦C.
Preparation of reference beads
1) Mix 8µL of 0.5 % (w/v) 1.9µm polystyrene beads into 1 mL of buffer A.
2) To coat polystyrene beads with DIGs, incubate the bead solution with DIG-NHS at
RT for 3 h with tumbling.
3) Centrifuge the bead solution at 2000 ×g for 1 min, and discard the supernatant.
4) Remove the free DIG-NHS by washing the bead solution with 1 mL buffer C. Cent-
rifuge at 2000 ×g for 1 min and discard the supernatant. Repeat the wash twice.
5) Resuspend the beads in 1 mL buffer B. The beads can be used immediately or stored
at 4 ◦C.
Preparation of tether beads
1) To exchange the storage buffer of the commercial beads with PBS, dilute 20µL of
the bead solution in 500µL PBS.
2) Vortex the sample thoroughly.
3) Centrifuge at 2000×g for 2 min and discard the supernatant, but avoid discarding
beads. Resuspend the beads in 500µL PBS.
4) Repeat steps 2 and 3, carefully discard ∼450µL of supernatant, leaving ∼50µL in
tube.
5) Add 4µL of the reference beads to the 50µL solution from step 4 and resuspend by
vortexing.
Flow cell and tubing cleaning
The tubing and the flow cell are used repeatedly in our system; we replace the syringe
connectors before each experiment.
1) Install the flow cell chip into its holder. The holder is connected to tubing, see
Figure 3.
2) Introduce 0.2 mL of bleach into the flow cell through the tubing and incubate for
10 min.
3) Rinse the tubing and the flow cell with MilliQ.
4) Introduce 0.2 mL Na2O2N3 into the flow cell via the tubing and incubate for 10 min.
5) Flush 0.5 mL MilliQ into flow cell through the tubing.
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Preparation of flow cell and bead tethers
To minimize waste of materials, in steps 1, 5, and 7, the sample is manually pipetted into the
flow cell without using the syringe. However, all the buffers for passivation are introduced
through the syringe so the syringe and tubing are also passivized. All preparations are at
RT.
1) Inject 20µL of anti-digoxigenin solution into the flow chamber and incubate for
20 min.
2) To prevent air bubbles flowing into the flow chamber, introduce 0.5 mL of buffer
D into the syringe and flush out the air present in the tubing before connecting the
tubing to the holder. Place the chip in holder, leave drops at the two holes in the flow
cell, and clamp the holder gently [9].
3) Inject 0.1 mL of buffer D and incubate for 30 min for the first-time passivation.
Discard the residual of buffer D in syringe.
4) Add 0.5 mL buffer E into the syringe, flush in 0.1 mL of buffer E, and incubate for
30 min for the second time passivation. Discard the residual of buffer E in the syringe.
5) Take out the chip to introduce 30µL of DNA solution in the flow chamber and
incubate for 20 min. Place the chip back into the holder and clamp the holder gently.
6) Add 0.5 mL buffer F into the syringe. Flush in 0.1 mL buffer F to remove free DNA.
7) Take out the chip to introduce 20µL bead solution in the flow chamber. Place the
chip back into the holder, clamp the holder gently, and incubate for 30 min.
8) Add 0.5 mL measuring buffer in the syringe.
9) The flow cell is ready for measurement.
2.6 Measurements
1) Switch on the illumination and bring the bottom-tethered beads into focus, see
Figure 2.
2) Start the bead tracking program in LabView.
3) Select the frequency for the piezo. The piezo frequency is given by provider
(LUMICKS). Each piezo has a specific impedance, in other words, there is de-
viation of vibration frequency from chip to chip. More details have been described
previously [10].
4) Remove untethered beads by flushing the flow cell with the measurement buffer at
a flow rate of 0.2µL/min until such beads are no longer observed in the region of
interest (ROI).
5) Select the tethered beads in the ROI. Generate a LUT for each ROI, applying a
constant force (10 pN) to the tethers to minimize bead motion. The “Create LUT”
bottom in the program starts to move the sample stage (or objective) and record the
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ring patterns at different z-positions. We collect the LUT at 60 Hz with a camera
exposure time in 16.6 ms, each stage moving step is 80 nm throughout a range of
0–8000 nm.
6) Start to record the tracking of the selected tethered beads.
7) Record the x-y motions of the tethered beads in the absence of force, the x-y motions
are used for the determination of the single tethered beads in data analysis. The time
required to sample all conformations depends on bead size; for beads with a diameter
of 4.5µm, a 10 min recording is sufficient.
8) To calibrate the force-voltage relationship of each tethered bead, apply a series of
different forces on the tethered particles. To collect sufficient data for power spectra
fitting, see 2.7.1, perform 2 min of z-position recording for each force.
9) Apply low force (∼10 pN) and slow flowing rate (0.2µL/min) while introducing
protein solution. The flow in the flow chamber will result in a drag force on the
tethered beads.
10) Apply a constant rate force ramp (120 ms between each force step) to generate FD
curves of bare DNA and protein-DNA complexes.
2.7 Data analysis
2.7.1 Generate FD curves
1) Load the data into the analysis program in LabView.
2) Determine the single tethered beads and reference beads data by the root mean
squared (RMS) displacement values and anisotropic ratio (s) from the x-y motions
of each tethers. In 2.6, step 7, tethered beads randomly move around their anchor
points without force applied. In AFS, RMS is used to quantify the degree of the
tether motions in two dimensions over a period of time, t:
RMS =
√
〈(x− x̄)2 + (y − ȳ)2〉t, (2.2)
where x̄ and ȳ are the average positions of the tethered bead over time t.
Usually, not all tethered microspheres are attached to the surface via a single tether.
Calculation of the anisotropic ratio (s) allows separation of single-tethered micro-





where λmajor and λminor represent the maximum and minimum values along the axes
of the x- and y-scatter plot respectively.
Single-tethered microspheres are expected to exhibit a perfectly symmetrical motion
and to have an anisotropic ratio of 1. In our studies we use s < 1.3 as a threshold to
discard multiple-tethered or poorly tracked particles. The particles that match the
selection criterium are used for further analysis.
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3) Remove the drift from the measured data by calculating the average drift of the stuck
beads. Stuck beads are selected based on their X and Y motions. In our studies we
use RMS<200/s≈1, see Note 4.
4) Determine the anchor points of the tethers by selecting the x-y motion trace without
force applied during the measurement. Use “Anchor point” function in the program
to determine the end-to-end length of the DNA molecule by Pythagoras calculation
and the anchor point in data analysis program.
5) Calibrate the force-voltage relationship by selecting the voltage-time plot in the
program where constant voltages were applied. Generate and fit power spectrum, see
Note 5.
6) Generate FD curves by selecting the time period which force ramp was applied.
Export FD curves in text file with “Export function” in the program for eWLC fitting,
see 2.7.2.
2.7.2 Extensible Worm-Like Chain (eWLC) Model Fitting
The extensible worm-like-chain model in formula (2.4) describes the behavior of elastic














where z is the extension and F is the external force, kB is the Boltzmann constant, T is
the absolute temperature, K0 is the stretch modulus, Lp is the persistence length, and Lc is
contour length. A typical value for the stretch modulus of double-stranded DNA is about
1000 pN [11].
1) Run the fitting program in MatLab software.
2) Import FD curves in MatLab program.
3) Select the data point of the FD curves which are taken below 30 pN.
4) Determine persistence length (Lp), contour length (Lc), and stretch modulus (K0).
2.7.3 Analysis of protein-DNA complexes
Architectural proteins bind to DNA via minor or major groove interactions and result in
wrapping, bending, or bridging of the DNA. By applying force to protein-DNA complexes,
the effect of proteins on DNA conformation and the binding behavior of these proteins can
be investigated. Here, we discuss the effects of two types of DNA-binding proteins, HU
and H-NS.
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Force-extension curves of HU-DNA complex
HU protein compacts and stiffens DNA in a protein concentration-dependent manner. In
our experimental system, DNA was compacted at the concentration below 400 nM. Above
400 nM, DNA was extended by the filament of HU proteins, see Figure 5.
Pulling of DNA and DNA-H-NS complex
Histone-like nucleoid-structuring (H-NS) protein is a bacterial protein that plays a key role
in chromosome organization and regulation. DNA and DNA-H-NS complex was studied
by using AFS system, see Figure 6. It shows that DNA was stiffened by H-NS at 2000 nM,
which is in agreement with previous study [7, 10].
Figure 5. Stretched HU-DNA complex and the flow chart of force application. The
top figure shows three force-extension curves at HU absent (black), low concentration
(red), and high concentration (blue). Top inside is the freely movement of a tether bead
(symmetry in 1.2). Bottom plot shows the force vs. time. Low force ∼2 pN was applied
while introducing proteins.
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Figure 6. Stretched H-NS-DNA complex and the flow chart of force application. Top
plot shows force-extension curves of 4000 bp bare DNA (red) and H-NS-DNA complex
(blue). Bottom plot shows the applied voltage vs. time. Low force 0.8 pN was applied
while introducing proteins and 0.2 pN was applied while incubating H-NS-DNA complex.
2.8 Notes
1) DNA substrates can also be prepared by other approaches, e.g., by filling in Digox-
igenin/Biotin at two ends of cut plasmid or by ligating modified oligos/dsDNAs.
2) Diffraction ring patterns are required for accurate bead tracking. The light source
needs to be monochromatic and aligned in parallel. To obtain collimated light, either
a point source or an iris conjugated to your condenser is required. For monochromatic
illumination a LED of defined wavelength or band-pass filter in the illumination path
is suggested.
3) Movement of the machine or heat created by piezo vibration causes drift in the flow
cell. A highly efficient piezo results in minimal heating of the system.
4) To correct drift signal, the program subtracts the displacements from x, y, z on the
average traces of the selected stuck beads. The average displacement of the stuck
beads is as a starting point, 0.
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5) The force power spectrum fitting is described in Nørrelykke and Flyvbjerg [12]. Two
important parameters that are obtained from the fitting are the frequency at the corner
of the spectrum and the diffusion coefficient. The diffusion coefficient dependence
can also be predicted from the bead size and the distance from the surface [13].
Nevertheless, the microsphere size varies in the same batch. Checking whether the
theoretical value overlaps with the fitted value gives a reference of the error. This
function is already included in the AFS data analysis program. Lorentzian formula










where D = kbT/γfax is the microsphere diffusion constant, kB is the Boltzmann
constant, T is the temperature, γfax is the effective drag coefficient, f is the frequency,
and k is the stiffness of a Hooke spring acting on the microsphere, k = F/(Lext+R);
in the expression of k, F is the force, Lext is the measured extension of the DNA,
and R is the radius of the microsphere.
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3.1 Abstract
HU is a nucleoid-associated protein expressed in most eubacteria at a high amount of
copies (tens of thousands). The protein is believed to bind across the genome, to organize
and compact the DNA. Most of the studies on HU have been carried out in a simple in
vitro system and to what extent these observations can be extrapolated to a living cell is
unclear. In this study, we investigate the DNA binding properties of HU under conditions
approximating physiological conditions; we report that these properties are influenced
by both macromolecular crowding and salt conditions. We use three different crowding
agents (BGB, BSA, and PEG8000) as well as two different MgCl2 conditions to mimic
the intracellular environment. Using tethered particle motion (TPM), we show that the
transition between two binding regimes, compaction, and extension, of the HU protein is
strongly affected by crowding agents. Our observations suggest magnesium ions enhance
compaction of HU-DNA and suppress filamentation while BGB and BSA increase the
local concentration of HU protein by more than 4-fold. Moreover, BGB and BSA seem to
suppress filament formation. On the other hand, PEG8000 is not a good crowding agent
for concentrations above 9 % (w/v) because it might interact with DNA, the protein and/or
surfaces. Together these results reveal a complex interplay between the HU protein and
the various crowding agents that should be taken into consideration when using crowding
agents to simulate an in vivo system.
3.2 Introduction
In 1975, HU was discovered as one of the most abundant proteins in Escherichia coli
(E. coli) cells [1]. E. coli HU is a small (9 kDa) DNA binding protein encoded by two
different genes, hupA and hupB. The products of these genes assemble into hetero- and
homo- dimers in solution (HUαβ , HUαα, and HUββ) (18 kDa) [2]. While heterodimers
exist in E. coli, homodimers are most common in other bacteria. HU exhibits two DNA
binding modes: a DNA bending mode [3, 4] and an extension mode with HU filaments
forming on DNA [5-7], see Figure 1A and Figure 1B. The structures of HU alone and
the HU-DNA complexes have been determined using X-ray crystallography and NMR [3,
4, 6]. The protein consists of an “arm” composed of -sheets and a “body” composed of
-helices. In the bending mode, the two “arms” of the dimer insert into the minor groove
of DNA [4] inducing two bends spaced by 9 bps. It is unclear how HU dimers interact in
filaments. However, it has been suggested, that in filaments one of two “arms” of a dimer
interacts across DNA with another “arm” of another dimer and the other “arm” of each
dimer interacts with the “body” of the neighbouring dimer [7], see Figure 1B. The transition
between the two binding modes is dependent on HU concentration [6, 8] and potentially
also on physico-chemical conditions.
Macromolecules, usually polymeric molecules, with a molecular mass greater than a
few thousand Dalton, cause diverse effects in a space confined system. Macromolecular
crowding effects arise due to macromolecules occupying a significant fraction in the
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confined volume, which consequently drives changes in the conformation of proteins [9],
diffusion [10] of proteins and protein-protein interaction [11], concomitantly enhancing
and perturbing protein binding energy and affinity to DNA [12]. A demonstration of this
effect is the seminal study by Murphy and Zimmerman [13] which reports on the effects of
macromolecular crowding on HU binding to DNA, using polyethylene glycol (PEG8000)
as a crowding agent. In their study, PEG8000 was shown to enhance the DNA binding
affinity of HU. One other protein in the same nucleoid-associated proteins (NAPs) group as
HU, H-NS, has also been tested with PEG. It showed the cooperation of H-NS proteins was
increased [14].
Ionic strength also affects the binding of HU to DNA. The effects of ionic strength on
proteins have been investigated for many years [15]. Ionic strength has been shown to affect
DNA binding affinity attributed to charge shielding on the interaction partners [16]. In line
with generic observations, high NaCl concentration has been found to reduce HU binding
affinity [16, 17]. Salt conditions affect the transition between the two binding modes of HU
because filamentation requires a high HU density on DNA, which is harder to achieve at
high salt conditions.
Zimmerman showed that condensation of DNA by HU is significantly increased by
increasing concentrations of PEG8000 and MgCl2 [13]. Inspired by this earlier study as well
as by indications from others studies that different crowding agents have different effects
on protein binding [19], we systematically investigated the effect of different crowding
agents on the binding of HU to DNA. We selected two types of commonly used crowding
agents from milk, blotting grade blocker (BGB) and bovine serum albumin (BSA), as well
as polyethylene glycol 8000 (PEG8000)- a synthetic polymer - to investigate the impact
of crowding. BGB is a non-fat milk-product mixture of predominantly casein micelles
containing various large globular proteins ranging from 50 nm to 600 nm in diameter
[19, 20]). BSA (66.3 kDa [9]) is a protein, commonly used crowding agent. However,
it exposes negative charges on its surface and it might interact with DNA and proteins
[22]. PEG is commonly used in many studies on crowding [12, 14]. PEG8000 (8 kDa),
used in this study, is not an ideal crowding agent as it is known to interact with proteins at
higher concentrations [23]. In dilute conditions, PEG8000 attains a globular shape with
a neutrally charged surface [24]. However, it is unknown whether, and if so at which
concentration, PEG8000 interactions with HU occur, and how this affects HU. We also
investigate the effect of Mg2+ in our experiments on crowding. Understanding the effects
of magnesium ions are important because of their essential role in the functionality of
many proteins and enzymes [23-27]. For our studies on HU binding to DNA we make
use of tethered particle motion (TPM) assays, in which the x-y movements of the tethered
microspheres are recorded, see Figure 1C (top). A root-mean-square (RMS) displacement
obtained from an x-y position distribution is used for characterizing the physical properties
of protein-DNA complexes; a low RMS indicates a compacted protein-DNA structure as
in Figure 1C red distribution and large RMS values represent an extended protein-DNA
structure as in Figure 1C blue distribution.




Figure 1. Two binding modes of HU dimer and the corresponding typical bead mo-
tion in a TPM experiment. (A) Model of DNA bending mode by Anabaena HU bound to
a pre-distorted dsDNA substrate (X-ray structure of HU-DNA complex, PDB code 1P71
[30]. (B) Model of an HU-DNA filament. Pink and blue represent HUαβ and DNA in
yellow color [7]. This is one of the available models. (C) Time traces of x and y position
of the tethered bead. Bare DNA and HU-DNA complexes incubated in 200 nM (bending
mode) and 1600 nM (filament formation mode) are shown respectively in black, red, and
blue.
3.3 Results
3.3.1 MgCl2 enhances compaction of DNA by HU
To investigate the effect of divalent cations on HU binding, we incubated DNA with HU
dimer in a buffer, see 3.5 Materials and methods, either without or with 8 mM MgCl2.
The protein was titrated over a concentration range in which we expect to reproduce both
binding regimes as seen in earlier work [6, 8]. In the absence of magnesium ions, the
root-mean-square displacement (RMS) of the movement for bare DNA was found to be
140.8±0.2 nm (N = 300, standard error of the mean (SEM)), see Figure 2A gray horizontal
line). At a HU concentration of 150 nM, at which the most compacted state was reached,
the RMS was found to be 102.4±0.5 nm (N = 198). In the presence of MgCl2, the RMS of
bare DNA was found to be 140.3±0.3 nm (N = 302), the same as observed without MgCl2.
However, the RMS in the most compact state in the presence of MgCl2, was found to be
97±1 nm (N = 222), which is 5 % lower than that in the absence of MgCl2, see Figure
2A. Our observations thus suggest that MgCl2 enhances the compaction of DNA by HU.
The most compact state was observed at 150 nM HU both in the absence and presence of
MgCl2, which indicates that MgCl2 does not alter the DNA binding affinity of HU.
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Interestingly, we found two RMS populations for data obtained at HU concentrations
between 150 nM and 400 nM HU, see Figure 2A and SI Figure 1. One population corres-
ponds to the reported compact state while the other population has a high RMS close to
that of bare DNA. This phenomenon was independent of the presence of MgCl2. As HU
dimer is known to bind cooperatively it could be that in a subset of complexes, HU-DNA
fragments not covering the entire length of the DNA are formed, thus yielding a larger
RMS. Structurally this would correspond to the co-existence of the two binding modes, we
call it the co-existence state, see Figure 2B.
2A 2B
Figure 2. TPM results obtained in the presence and absence of BGB and MgCl2 and
co-exist state. (A) RMS values at different HU concentrations in the absence (gray) and
presence (red) of MgCl2. Open symbols correspond to the smaller subpopulation. The gray
horizontal band indicates the RMS of bare DNA in both the absence and presence of MgCl2.
Error is the standard error of the mean. (B) Illustration of the nature of heterogenous
complexes; depending on the ratio between the binding of individual DNA bending proteins
and filament formation the RMS data exhibits one or two populations.
3.3.2 BGB increases local HU concentration
We investigated the effect of BGB on HU binding at various conditions: 0.5 % and 1 %
(w/v) of BGB in the absence of MgCl2, and 0.5 % BGB in the presence of MgCl2. In the
presence of BGB gradual compaction and de-compaction over the tested concentration
range are observed, Figure 3A, which is in contrast with the much more abrupt switching
between binding regimes in buffer without BGB. Compaction of HU-DNA becomes notable
at 12.5 nM HU concentration in both BGB crowding environments and RMS of the tethered
beads reduced gradually with increasing HU concentration. In contrast, the decrease in RMS
in crowder-free conditions without MgCl2 occurs abruptly at a concentration of 150 nM
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HU. This suggests that BGB increases the local concentration of HU dimer, stimulating HU
binding to and subsequent bending of DNA at much lower HU concentrations. Moreover, in
both BGB conditions, the RMS of the most compact HU-DNA state goes down to 99±1 nm
(N = 173; 0.5 % (w/v) of BGB) and 97.0±0.5 nm (N = 191; 1 % (w/v) BGB), which is
∼4 % lower than in the crowder-free case (102.4±0.5 nm). This reduction suggests that
BGB also slightly enhances the extent of HU-DNA compaction.
There are some notable differences between the impact of the two BGB concentrations
as well. First, the maximal compaction is reached at a lower HU concentration (25 nM
versus 100 nM) in low BGB concentration compared to the higher BGB concentration. This
observation suggests there is a balance between the crowding effect on binding energy and
on diffusion i.e. it might be that too much crowding by BGB can hinder HU access to
DNA. Second, at higher HU concentrations where HU forms filaments along with DNA,
the RMS increases less in the presence of BGB compared to conditions without BGB.
Moreover, the impact on filament formation in 1 % BGB is stronger than in 0.5 % BGB,
see the difference in slope in Figure 3A in the filamentation regimes. BGB might inhibit
HU filamentation. This could be due to changes in the size of BGB, which increases the
repulsive force between protein and crowding agent [31], and consequently reduces the
probability that multiple HU dimers bind to DNA at the same time. The repression of BGB
of filamentation might also explain why we do not observe the two populations as found in
the condition without crowding agent, see Figure 2A.
When we compare the effects of this crowding agent in the presence of MgCl2, we
observe that the most compact state appears at 200 nM with an RMS of 90.3±0.4 nm (N
= 220), which is a reduction by 7 % compared to the RMS without BGB (97±1 nm, N =
222), see Figure 3B. Moreover, given that the compaction of DNA by HU in the presence
of MgCl2 is already enhanced, it can be concluded that MgCl2 works synergistically with
BGB enhancing DNA compaction. At low HU concentration, the trend in reduction of
RMS in 0.5 % BGB with MgCl2 is similar to that in 0.5 % BGB without MgCl2. At high
HU concentration, double the HU concentration is needed in the presence of MgCl2 to





Figure 3. TPM results obtained in the presence and absence of BGB and MgCl2.
(A) RMS of HU-DNA complexes vs HU concentration in different crowding conditions.
Horizontal lines represent bare DNA in the absence of BGB (gray), 1 % BGB (brown), and
0.5 % BGB (light blue) in the absence of MgCl2. (B) RMS of HU-DNA complexes in the
presence of MgCl2. Horizontal lines represent Bare DNA in the absence of BGB and in the
presence of MgCl2 (gray), 0.5 % BGB in the absence of MgCl2 (pink) and 0.5 % BGB in
the absence of MgCl2 (light blue). The second population in RMS both in the absence and
presence of MgCl2 is removed in (A) and (B). Error is the standard error of the mean.
3.3.3 BSA increases local HU concentration
To investigate the impact of BSA on HU binding, we used three concentrations (1.2 %, 5 %
and 10 % (w/v)) of BSA in the absence of MgCl2, and 10 % BSA in the presence of MgCl2.
In the presence of BSA compaction and de-compaction occur across a larger concentration
range compared to the condition without BSA, see Figure 4A. The compaction becomes
visible at 6.25 nM HU in 1.25 % and 5 % BSA, and at 12.5 nM HU in 10 % BSA, whereas
the reduction in RMS in crowder-free condition occurs abruptly at 150 nM HU. This
suggests that BSA increases the local concentration of HU dimer. In 5 % and 10 % BSA
conditions, the most compact states are 101.8±0.5 nm (N = 441) and 101±1 nm (N =
224) at 50 nM HU while at 1.25 % BSA it is 105±1 nm (N = 183) at 25 nM HU. Based
on these observations we can conclude that: 1) the most compact state attained in the
presence of BSA does not show a significant difference compared to that in absence of BSA.
2) a too high BSA concentration (above 5 %) is less effective in increasing the local HU
concentration. As mentioned above in Section 3.2.2. the crowding agent may interfere with
HU binding either by steric hindrance or by interacting with HU and/or the DNA [32], thus
indirectly affecting the binding affinity of HU to DNA. Finally, as is the case for BGB, BSA
also suppresses the co-existence of two states in the intermediate concentration range, see
Figure 4A. Moreover, increasing the concentration of BSA from 1.25 % to 5 % suppresses
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the filamentation as seen for BGB. In general, the regulation of filament formation occurs
in different ways: it can be modulated by the buffer environment, but also by the DNA
substrate [33]. Since BSA can potentially interact with DNA, the properties of DNA might
in our case be affected, reducing the affinity of HU to form filaments.
Next, we compare the effects of this crowding agent in the presence of MgCl2. In the
presence of MgCl2 and 10 % BSA, the most compact state has an RMS of 86.8±0.3 (N =
284) nm at 800 nM, which is a reduction of ∼11 % compared to the RMS in presence of
MgCl2 without BSA (97.3±0.8 nm, N = 222), see Figure 4B. Besides the enhanced com-
paction, the most compacted state occurs at a higher HU concentration. This phenomenon
cannot be explained as due to the impact of MgCl2 or BSA alone; BSA together with MgCl2
yields more stable compaction, achieved at higher HU concentration. The effect of salt
concentration, NaCl, on BSA has been investigated by Yoshikawa et al. [32] who showed
that the size of BSA increases in low salt. Thus, in our experiments with MgCl2, BSA
could be reduced in size, resulting in a lower effective volume exclusion effect. However,
the BSA changed in terms of size and surface charge can still possibly inhibit filamentation




Figure 4. TPM results obtained in the presence and absence of BSA and MgCl2. (A)
RMS of HU-DNA complexes vs HU concentration at different BSA concentrations in the
absence of MgCl2. Horizontal lines represent bare DNA in the absence of BSA and in the
absence of MgCl2 (gray), 1.25 % BSA (blue), 5 % BSA (orange), and 10 % BSA (red).
(B) RMS of HU-DNA complexes in the presence of MgCl2. Bare DNA in the presence of
MgCl2 (gray), 10 % BSA in the absence of MgCl2 (pink), and 10 % BSA in presence of
MgCl2 (blue). The second population in RMS both in the absence and presence of MgCl2
is removed in (A) and (B). Error is the standard error of the mean.
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3.3.4 PEG8000 enhances HU compaction
In order to investigate the impact of PEG8000 on HU binding, we used three concentrations
(3 %, 9 %, and 15 % (w/v)) of PEG8000 in the absence of MgCl2 and 3 % PEG8000
in the presence of MgCl2. The presence of PEG8000 causes gradual compaction and
de-compaction across a larger concentration range compared to the condition without
PEG8000, see Figure 5A. The compaction starts at 12.5 nM HU in 15 % PEG, 50 nM HU
in 9 % PEG, and 100 nM HU in 3 % PEG, whereas the reduction in RMS in crowding-
free condition occurs at 150 nM HU. This suggests that with high enough concentration,
PEG8000 is able to increase the local HU concentration. We observed no significant effect
on the value of the lowest RMS along the titration curve in 3 % and 9 % PEG, but 15 % PEG
yields a dramatic 30 % decrease in RMS (71±1 nm, N = 210) compared to the crowder-free
condition. It has been observed that PEG8000 polymers interact with themselves in a high
concentration [34]. These polymers can form a larger ball-shape structure: the hydrophobic
chains of polymers face inward and the hydrophilic OH ends of the chains face outward. It
is possible that the DNA gets covered by PEG8000 leading to an extended configuration;
the RMS of bare DNA in 15 % PEG8000 is higher compared to the condition without
PEG8000, see Figure 5A pink horizontal line. This extended DNA may favor HU binding,
meaning that more HU dimers can bind and cause stronger compaction.
Next, we investigated the effect of this crowding agent in the presence of MgCl2. HU
dimer was diluted in the buffer containing 8 mM MgCl2 and 3 % PEG8000. In these
conditions, the most compact state appears at an RMS of 90±2 nm (N = 229) at 100 nM,
which is a reduction by 7 % compared to the RMS in presence of MgCl2 without PEG8000
(97±1 nm, N = 222), see Figure 5B. In contrast, the most compact state in the absence of
MgCl2 does not change regardless of the PEG8000 concentration. These results indicate
that MgCl2 works synergistically with PEG8000 in enhancing DNA compaction. Moreover,
the PEG and MgCl2 combination seems to increase the local HU concentration with the
most compact state appearing at 100 nM HU.
Note that the RMS of bare DNA in 9 % and 15 % PEG show significantly higher values,
see Figure 5A green and pink horizontal lines, compared to the bare DNA in the absence of
MgCl2 and crowder-free condition, see Figure 5A gray horizontal line. This suggests that
PEG8000 at high concentrations interacts with DNA, see SI table 4. A review from Zhou et
al. [35] highlighted that PEG8000 cannot be described quantitatively in terms of excluded
volume alone; its effects on different proteins differ strongly. Moreover, in the presence
of PEG we observe often two tether populations, see Figure 5B. The appearance of these
populations is similar to what we observe in crowding-free conditions, see SI Figure 4A to
4C. Finally, at high PEG8000 and high HU concentration, DNA tethered beads get stuck on
the channel surface. Taken all the observations at high concentration of PEG8000 together,
we conclude that PEG8000 might not simply exclude volume but also interact with the
DNA, protein and/or surfaces.
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Figure 5. TPM results obtained in the presence and absence of PEG8000 and MgCl2.
(A) RMS of HU-DNA complexes vs HU concentration in different PEG8000 crowding
conditions in the absence of MgCl2. The horizontal lines represent the bare DNA in the
absence of MgCl2 and PEG (gray), 3 % PEG8000 (blue), 9 % PEG8000 (green), and 15 %
PEG8000 (pink) solutions. (B) RMS of HU-DNA complexes in the presence of MgCl2.
The horizontal lines represent the bare DNA in the presence of MgCl2 and PEG (gray), 3 %
PEG8000 in the absence of MgCl2 (blue), and 3 % PEG8000 in the presence of MgCl2
(pink). The second population in RMS both in the absence and presence of MgCl2 is
removed in (A) and (B). Error is the standard error of the mean.
3.3.5 HU binding cooperativity in crowded conditions
To compare the effect of all the different crowding agents and the impact of MgCl2, we
plotted the RMS values of the most compact state as a function of HU concentration in
Figure 6. BSA (solid circles) yields the strongest effect in volume exclusion; even low
amounts of BSA strongly increase the local HU concentration on the DNA which directly
results in DNA compaction. For all the experimental crowding conditions, the most compact
state is shifted to higher HU concentration in the presence of MgCl2. The trend that the
RMS becomes lower when a higher HU concentration is needed to achieve maximum
compaction, see Figure 6, suggests that the combination of MgCl2 and crowding agents,
suppresses filament formation/propagation, increasing the opportunity for HU to bend and
compact the DNA more. The combination of MgCl2 and BSA yields the largest degree of
compaction for all conditions tested. It is known that MgCl2 influences the surface charge
and the size of BSA and thus in the presence of MgCl2 it seems the strongest in preventing
multiple HU dimers to form filaments, yielding the most compacted HU-DNA complexes.
To get more insight into how HU dimers induce stronger compaction in the presence
of MgCl2 and crowders, we estimate the amount of bound protein, which we calculate
from a fraction of DNA covered by HU [36] using the apparent persistence length (Lp),
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which is derived for each RMS value using a numerical approximation by simulation
[8], see 3.5 Materials and methods. We found that HU coverage, a fraction of DNA is
covered by protein, to DNA in the absence of crowding agent shows a sharp transition in
the compaction mode. The fraction of DNA be covered by HU increased from 10 % to
100 % within the range from 100 nM to 150 nM in HU concentration, see SI Figure 6. The
DNA coverage in the crowding conditions is more gradually increasing with increasing HU
concentration.
We then obtain the cooperativity of HU binding [36] from these coverage data. We
extracted this binding parameter by fitting a Hill function [37] to the curves of fractional
coverage of DNA as a function of HU concentration. Using the Hill function here is not to
pursue an accurate number, but to facilitate comparison. We divided the binding curves
into a compaction regime and an extension regime using the most compact state as the
boundary between the two regimes. Next, we analyzed both regimes independently. In
both the presence and absence of MgCl2 in crowder-free conditions the compaction regime
exhibits an extremely sharp transition, see Figure 2A. It is not possible to obtain a Hill
curve fit from the limited number of data points. Therefore, we implement three sets of
fitting curves, see SI Figure 6E, as a reference and estimate the cooperativity of HU in the
presence and absence of MgCl2 in the compaction regime. The estimated cooperativity is
above 20. For 10 % BSA in the presence of MgCl2, we obtained the estimated value using
the same method due to the limited number of data points, see Figure 7 (bottom empty
diamond). In the presence of nearly all crowding agents this sharp transition is suppressed,
i.e. crowding agents make compaction a less cooperative process. Compared to the low
cooperativity in the compaction regime, see Figure 7 (top), enhanced cooperativity in the
extension regime is found in the presence of MgCl2, see Figure 7 (bottom).
PEG8000 affects the DNA compaction and extension dynamics in a manner distinctly
different from BSA and BGB. In fact, PEG8000 likely acts directly on the DNA as well
as on the tethered beads and chamber surface. This might affect the DNA configuration
measurement and dramatically lower the RMS values. Based on its anomalous behavior we
propose that PEG8000 is not a suitable crowding agent for studying HU-DNA interactions.
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Figure 6. The most compact state in all experimental conditions. 1 to 3 are in the
presence of BSA in 1.25, 5, and 10 % (v/w) concentration. 4 and 5 are in the presence of 0.5
and 1 % (v/w) BGB. 6 to 8 are in the presence of PEG8000 in 3, 9, 15 % (v/w), respectively.
Both 9 and 10 are crowder-free and in the absence and presence of MgCl2, respectively. 11
to 13 with the empty symbols represent MgCl2 conditions with the addition of 0.5 % BGB,
10 % BSA, and 3 % PEG8000, respectively. Error is the standard error of the mean.
Figure 7. Binding cooperativity in both the compaction and extension regimes. Values
are fitted by the Hill function (see Materials and Methods). Values of 0 Mg2+ and 8 Mg2+ in
compaction mode are implemented reference. Each ‘Mg’ label represents the experimental
condition containing MgCl2. Error is the standard error of the mean.
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3.4 Discussion and conclusions
It has been appreciated for a long time that macromolecular crowding affects cellular
processes, but it is difficult to reproduce these crowding conditions in an in vitro setting
as there is no universal crowding agent appropriately mimicking intracellular crowding
conditions for different types of protein systems. Because of the size, shape, concentration
[36-37], and surface charge of crowding agents, crowding agents are not always generating
‘pure’ crowding effects on the proteins of interest. Based on our TPM studies, we reveal
that three types of crowding agents (BGB, BSA, PEG8000) have a distinct impact on the
dual-binding modes of HU (compaction and extension/filament formation).
We have observed enhanced condensation of HU-DNA in the presence of MgCl2, but
we did not observe an increased affinity/stability of HU binding to DNA as detected using
SDS-polyacrylamide electrophoresis [13]. We attribute more value to our observations
using TPM in which a stable buffer environment with constant amount of MgCl2 is present,
whereas due to the nature of electrophoresis experiments the environment experienced by
protein and DNA is poorly defined in electrophoresis.
We have observed that two states co-exist in the transition phase between condensation
and extension in crowder-free conditions. These two distinct populations are absent under
crowding conditions. To our knowledge, these two populations are not observed in previous
studies. These two populations correspond to either complexes dominated by HU in its
bending mode (lower RMS) or complexes dominated by HU forming filaments (higher
RMS).
The addition of MgCl2 in the presence of crowding agents promotes compaction. This
suggests that MgCl2 in the presence of crowding agents more specifically suppresses
filament formation possibly by changing HU conformation and the structure of crowding
agents, leaving more space on DNA for the HU dimer to bend.
To conclude, over the last three decades, in vitro protein studies have mostly been
carried out under simple experimental conditions without considering the macromolecular
environment. That this environment plays an important role is becoming increasingly clear.
Hence the study of useful crowding agents that mimic such conditions when studying
proteins is gaining prominence. Here, we conclude that BGB is a good crowding agent for
studying HU-DNA interactions in the presence and absence of MgCl2, i.e. it seems the
most suitable crowder to increase the HU-DNA interaction. Nevertheless, we showed that
the presence of different crowding agents in different buffer conditions can result in vastly
different outcomes. Hence, defining suitable crowding conditions to mimic the crowded
interior of the cell is very hard and probably protein-dependent and thus should be done
with utmost care.
An actual intracellular environment is not only crowded but also contains different
ions to interact with proteins. Therefore, it will be worthwhile to examine the effect of
charged crowding agents interacting with DNA. We have tested how three crowding agents
affect one type of protein. This represents only a first step to study the crowding effects
in a system. Crowding agent, BGB, is the one that shows a clear volume exclusion effect
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and is the least influenced by MgCl2 in the buffer solution among the crowding agents we
have measured. BSA and PEG8000 under certain concentration and ionic conditions can
still be an option for mimicking a crowded intracellular environment, but care needs to be
taken that it does not impact the biological study too drastically. Resolving the mechanisms
underlying all the interactions between crowding agents, proteins, and DNA requires further
investigation related to their independent physical and chemical properties.
3.5 Materials and methods
Protein expression and purification
HU was overproduced in E. coli KA 1790. The purification was carried out as described
before [40].
DNA substrate
An end-labeled DNA substrate of 685-bp (53 % GC content) [8] was obtained by PCR
using biotin- and digoxygenin (DIG)-labeled primers and plasmid pRD118 as a template.
The PCR product was purified using the GenElute PCR Clean-up kit (Sigma-Aldrich).
Beads
Streptavidin-coated polystyrene beads (0.44µm in diameter; Kisker Biotech) were diluted
in 0.01 % (w/v) in buffer A (10 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, and 3 % (w/v) glycerol) and bath sonicated [40]. Additional DIG-coated polystyrene
beads (0.9µm in diameter; Spherotech) [42] were added after sonication as reference beads
settled on the surface. The DIG-coated beads will bind to the surface and serve as reference
beads for drift correction.
Flow cell
Two sizes of cover glasses (30 mm and 28 mm in diameter; Thermo Scientific) were first
sonicated in acetone, and then sonicated in ethanol for cleaning. The parafilm strips cut by
scissors were aligned using a tweezer and sandwiched between the two different sizes of a
cover glass. The parafilm in between the glasses was melted on a heating plate at 80 ◦C
and formed the channels at room temperature. A homogeneous force (200 g in weight) was
applied to the flow cell during cooling. In total 8–9 chambers were made on each pair of
cover glasses, each with a volume of ∼15µl.
Tethered particle motion experiments
For TPM, a streptavidin-coated microsphere was attached to a double-stranded DNA
(dsDNA), which was labeled separately with biotin and digoxigenin at two ends. Biotin
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binds to the streptavidin-coated beads, digoxigenin binds to the anti-digoxigenin antibodies
with which the inner surface of the flow cell was coated. Based on the two-dimensional
motion of the tethered beads, we can calculate their root-mean-square (RMS) displacement.
The RMS is a proxy of the conformation of the HU-DNA complex. Flow cells were
incubated with 20 µl/ml anti-DIG antibodies (Roche) for 10 minutes. Passivation of
the surface was achieved by incubating buffer B (0.2 % (w/v) BSA (Sigma-Aldrich) in
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.5)), then buffer C (0.5 % (w/v) Pluronic (Sigma-Aldrich) in PBS), and then
buffer D (buffer A with the addition of 4 % (w/v) BGB (Bio-Rad)). Each buffer incubation
lasted 10 minutes. An amount of 100 pM DNA was introduced into flow cells after flushing
buffer A and was incubated for 10 minutes. Microspheres (0.44 and 0.9µm in diameter)
suspended in buffer A were introduced into flow cells after DNA incubation and the free
DNA were flushed out with buffer D. After 10 minutes incubation, free beads were removed
by flushing measuring buffer in a volume of 80µl. The flow cells were then ready to be
used. Samples are titration series from 0 to 1600 nM HU using desired measuring buffers:
0.5 % and 1 % (w/v) BGB, 1.25 %, 5 %, 10 % (w/v) BSA, 3 %, 9 %, 15 % (w/v) PEG8000
in buffer I, the absence of MgCl2, (10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA), and
for experimental condition containing MgCl2: 0.5 % (w/v) BGB, 10 % (w/v) BSA, and 3 %
(w/v) PEG in buffer II, the presence of MgCl2, (10 mM Tris (pH 7.5), 50 mM NaCl, 8 mM
MgCl2).
Data analysis
The RMS value of the excursion of each individual bead was calculated from x- and
y-coordinates of a 40 s time trace (drift corrected by the 0.9µm stuck beads) as:
RMS =
√
〈(x− x̄)2 + (y − ȳ)2〉, (3.1)
where x̄ and ȳ are averaged over the full-time trace. The symmetry of the excursion of
the tethered beads was evaluated by calculating the anisotropic ratio a = lmajor/lminor
from the xy-scatter plots, where lmajor and lminor represent the major and minor axis of
the xy-scatter plot, respectively. Only tethers with symmetry a ≤ 1.3 were selected for
further analysis. For each measurement condition, RMS values corresponding to each HU
concentration were obtained from the fitting of a single Gaussian function to the pooled
RMS values of individual tethers (N>70, see supplementary Figures 1–5).
Fitting Hill function
To compare quantitatively the binding affinities of proteins at the different conditions, we
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where Lp represents the measured persistence length, Lp,saturated the minimum persistence
length at saturation and Lp,bare the persistence length of bare DNA. Persistence length is
converted from RMS by a simulated function [8] as:
RMS = 233− 156
1 + 0.086L0.45p
. (3.3)
In this approach, it is assumed that each bound protein gives an equal contribution to the
decrease in DNA stiffness. To calculate binding affinities under the different conditions,
the Hill function was fitted to the fractional coverage [36, 42]:




where k represents the Michaelis constant, and n the cooperativity factor.
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SI Figure 1 to 5 include multiple independent experiments which labelled with different
colours and patterns.
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SI Figure 1A. Distribution of RMS values obtained at different HU concentration in
the absence of MgCl2.
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SI Figure 1B. Distribution of RMS values obtained at different HU concentration in
the presence of MgCl2.
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SI Figure 2A. Distribution of RMS values obtained at different HU concentration in
the presence of 0.5 % (w/v) BGB in the absence of MgCl2.
SI Figure 2B. Distribution of RMS values obtained at different HU concentration in
the presence of 1 % (w/v) BGB in the absence of MgCl2.
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SI Figure 3A. Distribution of RMS values obtained at different HU concentration in
the presence of 1.25 % (w/v) BSA in the absence of MgCl2.
SI Figure 3B. Distribution of RMS values obtained at different HU concentration in
the presence of 5 % (w/v) BSA in the absence of MgCl2.
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SI Figure 3C. Distribution of RMS values obtained at different HU concentration in
the presence of 10 % (w/v) BSA in the absence of MgCl2.
SI Figure 4A. Distribution of RMS values obtained at different HU concentration in
the presence of 3 % (w/v) PEG8000 in the absence of MgCl2.
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SI Figure 4B. Distribution of RMS values obtained at different HU concentration in
the presence of 9 % (w/v) PEG8000 in the absence of MgCl2.
SI Figure 4C. Distribution of RMS values obtained at different HU concentration in
the presence of 15 % (w/v) PEG8000 in the absence of MgCl2.
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SI Figure 5A. Distribution of RMS values obtained at different HU concentration in
the presence of 0.5 % (w/v) BGB in the presence of MgCl2.
SI Figure 5B. Distribution of RMS values obtained at different HU concentration in
the presence of 10 % (w/v) BSA in the presence of MgCl2.
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SI Figure 5C. Distribution of RMS values obtained at different HU concentration in
the presence of 3 % (w/v) PEG8000 in the presence of MgCl2.
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SI Table 1. The RMS values of HU-DNA in the presence and absence of MgCl2.
HU Conc. (nM) Without MgCl2∗ N With 8 mM MgCl2∗∗ N
0 140.8±0.4 300 140.3±0.6 302
6.25 134.5±0.7 128 129±1 72
12.5 137.5±0.6 180 132±1 116
25 132.3±0.7 180 129±1 126
50 137.2±0.6 224 138.9±0.7 245
100 138.3±0.4 306 137.1±1 158
150 102.4±0.7 198 97.3±0.8 222
132±1 198 122±1 42
200 128.3±0.8 261 99±1 244
105.2±0.6 172 139±1 88
300 118.0±0.5 390 111.9±0.6 190
138±3 58
400 113.4±0.7 393 125±1 265
111.6±0.8 34
800 141.9±0.4 195 154.4±0.7 305
1600 157.2±0.4 161 155.3±0.4 235
∗ Without MgCl2: 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA.
∗∗ Without 8 mM MgCl2: 10 mM Tris (pH 7.5), 50 mM NaCl, 8 mM MgCl2.
SI Table 2. The RMS values of HU-DNA in the presence of BGB, with or without
Mg2+.
HU Conc. (nM) 0.5 % BGB N 1 % BGB N 0.5 % BGB N
without MgCl2 without MgCl2 with MgCl2
0 138±2 134 132±2 162 133±2 171
6.25 138.8±0.7 313 143±0.6 385 144±1 312
12.5 111.4±0.9 201 127±1 111 124±2 118
25 102.5±0.6 225 113.8±0.9 153 106±1 176
50 100.8±0.4 183 103.2±0.9 164 96.9±0.6 227
100 98.5±0.7 173 97±0.4 191 96.2±0.8 170
200 101±0.6 246 98.3±0.7 172 90.3±0.4 22
400 112.1±0.6 211 102.6±0.05 175 96.4±0.6 184
800 123±1 211 111±1 114 110.2±0.5 171
































































































































































































































































































































































































































































































































































































SI Figure 6. The fractional coverage as a function of HU concentration fitted by Hill
function. A, B, C are the fittings of two HU binding modes in the absence of MgCl2
and with BSA, BGB, and PEG8000, respectively. D are the fittings of two HU binding
modes in the presence of MgCl2 and with BSA, BGB, and PEG8000, respectively. E is in
crowder-free condition in the presence (empty circle) or presence (solid circle) of MgCl2.
In the left plot of E shows theoretical curves are shown with cooperativity value of 19±2
(red), 20±2 (blue), and 38±7 (green). For each plot: left) DNA binding behavior in the
compaction regime; right) DNA binding behavior in the extension regime.
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SI Table 5. Fitting values of Hill function.
Conditions Compaction regime Extension regime
Without MgCl2 – 2.5±0.6
With 8 mM MgCl2 – 4.9±0.4
0.5 % BGB 3.3±0.9 2.4±0.3
1 % BGB 2.6±0.7 2.5±0.3
1.25 % BSA 1.7±0.5 1.4±0.2
5 % BSA 2.0±0.7 2.0±0.2
10 % BSA 1.6±0.6 1.6±0.2
3 % PEG8000 5.0±0.8 6±5
9 % PEG8000 4.3±0.2 4.9±0.1
15 % PEG8000 10±5 35±0
0.5 % BGB with MgCl2 1.8±0.5 2.7±0.7
10 % BSA with MgCl2 1.2±0.2 –
3 % PEG8000 with MgCl2 1.8±0.7 2.7±0.7
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4.1 Abstract
Architectural DNA-binding proteins are involved in many important DNA transactions
by virtue of their ability to change DNA conformation. HU is one of the best-studied
bacterial architectural DNA-binding proteins. Its properties have been characterized using
the ensemble as well as single-molecule methods. Nevertheless, there is still a limited
understanding of how the interactions between HU and DNA are affected by ionic conditions
and the structure of DNA. Here, using optical tweezers in combination with fluorescent
confocal imaging, we investigated how ionic conditions affect the interaction between HU
and DNA. We were able to visualize the binding and the diffusion of fluorescently labelled
HU dimers on DNA. Binding of HU enhances DNA helix stability as can be deduced from
an increase in the DNA overstretching force. HU binds with high affinity and exhibits low
mobility on the DNA in the absence of Mg2+; it moves 30-times faster and stays shorter on
the DNA with 8 mM Mg2+ in solution. Additionally, we investigated the effect of DNA
tension on HU binding and found that the binding affinity of HU for DNA in the presence
of Mg2+ increases at tensions above 50 pN, which we attribute to force-induced structural
changes in the DNA. The observation that HU diffuses faster along DNA with Mg2+
compared to without Mg2+ suggests that the free energy barrier for rotational diffusion
along DNA is reduced, which can be interpreted in terms of reduced electrostatic interaction
between HU and DNA, possibly coinciding with reduced DNA bending. Our results suggest
that in the presence of Mg2+ HU dimers might interact with DNA using a single subunit
for sliding and at the same time Mg2+ increases the accessibility of DNA for HU.
4.2 Introduction
The way in which a protein interacts with DNA determines the kinetics of this interaction
and the motion of this protein on DNA. The motion of a protein on DNA can be described
in physical terms as (rotation-coupled) 1D diffusion combined with 3D excursions such
as hopping, jumping, or intersegmental transfer [1, 2]. 3D excursions strongly enhance
apparent 1D diffusion rates and are key to an effective target searching of sequence-specific
DNA binding proteins [1, 2]. These movements of the protein are related to its conformation
and charge [2, 3]. Some proteins have more than one conformation in binding DNA; the
different conformations of a protein can exist before protein binds to DNA for example
due to different buffer conditions or during the matching of the protein structure to a
DNA substrate [3-5]. Hence, understanding the potential conformations of a protein and
what drives these conformations is essential for interpreting the kinetics of protein–DNA
interactions.
Architectural DNA-binding proteins in bacteria typically have multiple ways to bind
to DNA, which results in different protein-DNA complex structures. For instance, H-NS
exists in two conformations (open or closed) that either result in a lateral protein filament
along with DNA or bridges between DNA segments [8, 9]. FIS also exhibits two modes
of DNA binding: either it bends DNA or forms bridges between DNA segments [10]. HU
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and probably IHF also have two modes of binding two DNA: at low binding density, they
bend DNA and at high density they form filaments along DNA [11-14]. Which mode of
binding predominates often depends on the local protein concentration which is affected
by the ionic conditions [13]. Other factors such as the crowding environment [15], pH,
and temperature [16] have also been shown to affect the type of protein-DNA complexes
formed. In the case of H-NS it has been proposed that a switch between modes of binding
results from a conformational change in the protein [8]. However, whether changes in
physico-chemical conditions affect the type of complexes formed and whether this is due
to changes in protein conformation or ‘simply’ due to altered protein-DNA interactions is
unclear for most architectural DNA-binding proteins.
In this study, we investigate HU, a conserved DNA-binding protein found in most
bacteria. This protein exists as a heterodimer or homodimer in Escherichia coli (E. coli),
with two genes encoding the two different HU subunits (HUα and HUβ) [17]. In the other
bacterial species, HU generally exists as a homodimer. HU binding is known to occur in
two distinct modes: a bending mode at a low binding density and an extension mode, in
which HU forms filaments along DNA, at high binding density. The transition between the
two modes thus depends on protein concentration. It has been recognized that the DNA
binding properties of HU do not depend on specific DNA sequences [18-20], but depend
on DNA bending/curvature, with a preference for AT-rich DNA [21]. Additionally, DNA
binding of HU is tension-dependent; application of forces induces protein dissociation [20,
22]. Moreover, a high concentration of NaCl or K-glutamate (more than 150 mM) inhibits
HU binding [22].
The binding of HU to DNA and its motion along DNA have been investigated in
single-molecule fluorescence imaging studies both in vivo [23] and in vitro [24], yielding
information on binding and diffusion kinetics. The diffusion coefficients measured in these
studies are rather different: the diffusion coefficient is five times higher in vitro than in vivo
(0.5µm2 s−1 in vitro vs 0.1µm2 s−1 in vivo). This discrepancy is attributed to different
ionic conditions and the complexity of the in vivo medium with various macromolecules
resulting in crowding, which likely influences the DNA binding properties of HU, see
Chapter 3. Above studies illustrate the dynamic nature of the bound HU on DNA.
To elucidate the dynamics of HU-DNA interactions we set out to investigate: 1) the
DNA binding behavior of HU protein without and with 8 mM Mg2+, and 2) the effect of
different structural states of DNA taking tension as a parameter. Using confocal microscopy
combined with optical tweezers in a microfluidic system, see Figures 1A and 1B, we
visualize and characterize individual HU dimer binding events on DNA. Our findings
show that the binding of HU is tension-dependent and that HU stabilizes DNA during
overstretching. The motion of HU along DNA is dramatically different depending on
whether Mg2+ is present or not. With 8 mM Mg2+, the diffusion coefficient is in the order
of 0.1µm2 s−1, but the diffusion coefficient is more than an order of magnitude smaller in
the absence of Mg2+. The impact of magnesium ions on HU sliding on DNA is significant
because Mg2+ is also present in vivo. Moreover, such mobility could play a role in the
binding dynamics of HU and the regulatory role of HU.
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Figure 1. Schematic illustrating the experimental layout of an experiment using con-
focal optical tweezers. (A) Alexa555-labelled HU proteins (pink spheres) are excited at
532 nm. Fluorescence emission is measured at 555 nm. (B) A top view of a microfluidic
sample chamber with laminar flow. DNA was captured between beads, and HU-DNA
complexes were assembled inside the protein channel and in the presence of flow. The
measurements were carried out inside one of the two top channels without flow.
4.3 Results
4.3.1 HU protein binds DNA under high tension
In order to determine the DNA binding characteristics of HU on DNA under tension and to
determine the impact of Mg2+, we characterized the force-extension behavior of individual
dsDNA molecules as a function of HU concentration, without and with 8 mM Mg2+. First,
we performed a control experiment on bare λ DNA without and with 8 mM Mg2+, see
Figure 2A. The force-distance (FD) curves of bare dsDNA molecules both without and
with 8 mM Mg2+ exhibit a saw-tooth shape at high tension indicating that one of the
strands of the dsDNA starts unpeeling during overstretching. The overstretching occurs at
58.6±0.5 pN without Mg2+ (N= 98, containing 50 mM NaCl, 10 mM Tris pH 7.5, 1 mM
DTT) and 67.8±0.4 pN with 8 mM Mg2+ (N= 92, containing 50 mM NaCl, 10 mM Tris pH
7.5), see Table 1. A similar effect of Mg2+ on force-extension behavior of bare DNA has
been reported before [25]; Mg2+ neutralizes the backbone charge of DNA and diminishes
intramolecular repulsion. Hence it effectively stabilizes the helical twist of the dsDNA and
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consequently a higher force is required to reach overstretching.
In contrast, HU-DNA complexes exhibit distinct features depending on the HU concen-
tration, see Figure 2B and 2C; smooth overstretching becomes gradually more prevalent
when the HU concentration is increased. Moreover, the ratio of smooth overstretching and
saw-tooth overstretching changed differently without and with 8 mM Mg2+, see Table 1.
The transition from sawtooth to smooth overstretching occurs at lower HU concentration
when Mg2+ is present. Note the complete absence of saw-shape curves at 400 nM HU. This
observation suggests that Mg2+ enhances the binding affinity of HU at high tension and the
bound HU suppresses the unpeeling of DNA. In addition, we found that the overstretch-
ing/unpeeling occurs at even higher tension at HU concentrations above 400 nM compared
to the bare DNA with 8 mM Mg2+. These results suggest that HU stabilizes DNA and
remains bound to DNA at high tension, and that at high HU concentration (2000 nM), the
bound proteins change the overstretching transition regardless of the salt condition, i.e.
smooth overstretching appears both without and with 8 mM of Mg2+, see Table 1. Next,
to quantify the effect of Mg2+ on HU-DNA complexes, we determined the persistence
length (Lp) and contour length (Lc) from force-extension curves as a function of HU
concentration in both salt conditions, see Figure 3 and SI Table 2. Lc is independent of the
HU concentration both without and with 8 mM Mg2+, see Figure 3 (top). Lp, instead, is
HU-concentration-dependent in both experimental conditions. Lp is reduced compared to
bare DNA at low HU concentration due to HU binding as expected [3, 19] see Figure 3
(bottom). Lp increases compared to bare DNA at high HU concentration. The dashed
line in this figure indicates the Lp of bare DNA. The decrease in Lp is due to HU-induced
bending of DNA resulting in compaction, whereas the increase in Lp corresponds to HU-
DNA filament formation. However, a lower amplitude of the increase in Lp was observed
in the condition with 8 mM Mg2+. Our results agree with earlier observations [3, 18]
and Chapter 3 and indicate switching between two modes of binding depending on HU
concentration. With 8 mM Mg2+, a higher HU concentration is required to obtain the same
increase in Lp as seen in the case without Mg2+.
This is in agreement with earlier observations that high ionic strength reduces HU
binding affinity [22].
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Figure 2. Force-Distance curves of bare dsDNA with 8 mM Mg2+ containing buffer, (B)
multiple representative HU-DNA complexes without Mg2+ at a concentration of 40 nM HU,
and (C) multiple representative HU-DNA complexes with 8 mM Mg2+ at a concentration
of 2000 nM HU. The data shown in (A) were acquired in a protein-free channel, that of (B)
and (C) in a channel containing HU protein.
Table 1. The percentage of saw-shape/smooth features on force-extension curves under high tensions.
HU concentration Saw-tooth overstretching Smooth overstretching Saw-tooth vs.
(nM) tension (pN) tension (pN) smooth N
Without Mg2+
0 58.6±0.5 – 98:0
40 58±1 62±1 25:19
400 64±5 61±2 6:19
2000 – 75±1 0:25
With 8 mM Mg2+
0 67.8±0.4 – 92:0
40 64±1 68±1 36:19
400 - 79.7±0.4 0:25
2000 - 75±1 0:16
4.3 Results 71
Figure 3. The extensible-WLC fitting values of contour length (Lc) and persistence
length (Lp). Grey and red solid circles represent values obtained for the HU-DNA com-
plexes measured without and with 8 mM Mg2+, respectively. Data points for a concentration
of 40 nM HU were obtained by fitting force-extension curves from both Alexa-555-labelled
and wild-type HU-DNA complexes. All data points in the figure were obtained by fitting a
Gaussian function to Lp and Lc values obtained from extensible-WLC fitting to FD traces
(0, 40, 400, 2000 nM HU conditions with N = 85, 9, 25, and 16 curves, respectively).
4.3.2 Mg2+ changes the affinity of HU binding to DNA
In order to determine the nature of the effect of magnesium cations, we performed ex-
periments using fluorescently labelled HU to visually track bound protein on DNA. We
selected of a HUβ mutant with a single cysteine at position 43 for fluorescent labeling
with Alexa555, see 4.4.2 Materials and Methods. Visualization of fluorescent HU proteins
on DNA yields a 1D-fluorescence intensity pattern along the contour of the DNA, see
Figure 4A (left). When we combine such traces over time we obtain a 2D-fluorescence
intensity pattern, called a kymograph, see Figure 4A (right) and 4C. The kymographs with
and without Mg2+ reveal distinct differences in binding of HU. Some clusters of fluorescent
signals of proteins appear along the timeline in the condition without Mg2+ and at tension
above 10 pN, while no evidence for clusters is found with 8 mM Mg2+. Based on our
previous results, section 3.3.5, HU dimers bind DNA with high cooperativity (both in
the absence and presence of 8 mM Mg2+) when there is no tension on the DNA. Similar
binding behaviour of HU is expected at tension under 10 pN since the extension of the
DNA is shorter than Lc below that force and thus somewhat comparable to the condition in
the TPM experiment. Protein cluster formation is pronounced at higher tension without
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Mg2+, while protein cluster formation is suppressed by Mg2+. At high tension, the straight
DNA molecule acts against the bending force of HU proteins [20, 26] and thus the bending
mode of the bound HU proteins is suppressed. Multiple HU dimers can form filaments
around DNA [28] and such filaments increase the local fluorescence intensity i.e. appear
as fluorescent clusters along with the DNA. As the stretching force increases, the distance
between the interaction locations of DNA, which corresponds to HU binding sites, also
increases. This may reduce the interaction between the HU ‘arms’ and ‘body’, hence
reducing the protein coverage. The surface charge of the HU dimer is largely positive at the
‘arms’ and negative at the ‘body’ [29], see SI Figure 7A. Thus without Mg2+ a part of the
‘body’ of the dimer could interact stronger with parts of the ‘arms’ of the other HU dimers
which promotes filamentation. The filaments seem to arise due to high cooperativity of HU
dimers resulting from these two types of interactions. At the same time we hypothesis that
Mg2+ neutralizes the negative surface of the HU dimer at the ‘body’, see SI Figure 7A, and
hence there is no attraction or reduced attraction between individual HU dimers.
Some dark regions are visible at the center of the HU-DNA complex at tensions
above 60 pN. These are AT-rich areas which melt forming bubbles during overstretching
[21], see Figure 4B and 4D. Whereas HU can bind to single-stranded DNA (ssDNA), the
binding affinity is 3-fold lower than that for binding double-stranded DNA [28-30]. Most
importantly anti-cooperativity (ω∼0.4) is observed [32], explaining the lack of protein
binding. The high fluorescent signal outside the bubble region of the DNA suggests that
during overstretching, DNA forms bubbles but does not peel from the ends, in an HU-DNA
complex.
The normalized fluorescence signals collected for 8 tension ranges (0–5, 5–10, 10–20,
20–30, 30–40, 40–50, 50–60, 60–70 pN) indicates the amount of bound proteins on DNA
in each range. The amount of bound HU on DNA is affected by DNA tension and by
the presence of 8 mM Mg2+, see Figure 4F. Without Mg2+, HU binds to the DNA in a
tension independent manner at the tension above 10 pN and below 70 pN, see Figure 4E.
Our observation without Mg2+ and under 10 pN agree with the results of Xiao et al. that
HU proteins fall-off from the DNA as a consequence of the tension applied to the DNA;
the total number of bound HU dimers reaches a constant value at tension above 6.3 pN
[20]. With 8 mM Mg2+, the normalized fluorescence signals decreased as we observed
at the tension below 50 pN in the condition with Mg2+. HU dimers fall off easier and/or
bind to DNA less easily. However, the normalized fluorescence signals increase again at
tensions above 50 pN indicating that the binding affinity of HU increases. This suggests
that structural changes induced in the DNA favor HU dimer binding and stabilize bound
protein. This is in line with earlier observations showing that single HU dimers bind with
high affinity to forks, nicks and the junctions between single and double-strand DNA [33].
4.3.3 Mg2+ increases HU mobility on DNA
To further investigate the DNA binding dynamics of HU protein as a function of Mg2+ and
tension, we visualized individual HU dimers bound to DNA, see Figure 5A. We incubated
DNA in the protein channel with 40 nM fluorescently labelled HU, and next observed the
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Figure 4. Labelled-HU binding experiment under tensions with and without 8 mM
Mg2+. (A) left is an illustration of a DNA pulling experiment. (A) and (B) show a
kymograph of fluorescence data and a FD curve obtained for the same molecule as the
adjacent kymograph data without Mg2+. (C) and (D) show a kymograph of fluorescence
data and a FD curve obtained for the same molecule as the adjacent kymograph data with
8 mM Mg2+. Experiments were recorded in 40 nM Alexa555-HU protein channel. (E)
and (F) show the normalized fluorescence signals of the HU-DNA complex within 10 pN
tension ranges without or with 8 mM Mg2+, respectively. Numerical values are an average
of 5 experiments. The error bars represent the standard error.
behavior of DNA-bound HU in a protein-free channel. The most evident difference when
comparing conditions without and with 8 mM Mg2+ is the amount of HU bound to DNA.
In 8 mM Mg2+, five times more bound proteins are visible: 854 vs 170 individual bound
HU dimers on multiple DNA molecules at different tensions, have been recorded in the first
frame of Kymographs. This observation suggests that Mg2+ reduces the affinity of HU.
The second feature that stands out relates to the motion of HU protein: HU is almost
immobile without Mg2+, while HU moves along the DNA in buffer with 8 mM Mg2+, see
Figure 5A and 5B. To quantify these differences, we determined the diffusion coefficient
(D) by fitting to 1-dimensional mean square displacement (MSD) curves for individual
proteins (N > 14 for each tension) [34]. The D values at each experimental condition are
obtained from a Gaussian fitting to a 1000-bootstrap resampling, see 4.4 Materials and
Methods. The diffusion coefficients are roughly 30-times higher in the buffer with 8 mM
Mg2+ on average (120±20 nm2 s−1) compared to that without Mg2+ (5±1 nm2 s−1), see
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Figure 5C. This analysis indicates that Mg2+ enhances the mobility of HU on dsDNA. In a
recent study, Leven and Levy [35] calculated the energy barrier of HU to move on DNA,
illustrating that the electrostatic interaction between protein and DNA causes an energy
barrier for motion on the DNA. Therefore, the higher mobility of HU with 8 mM Mg2+
could be due to shielding of DNA from the positively charged ‘arms’ of HU or the weaker
bending at the ‘body’ of HU reduced by Mg2+. Kamagata and co-authors have discussed
the impact on the free-energy barrier by changing HU bending angles and changing the
contact area between HU and DNA [23].
Without Mg2+, see Figure 5C, a noticeable difference in diffusion coefficient is found
between DNA at tensions above 30 pN (6 nm2 s−1) and DNA at below 30 pN (3 nm2 s−1).
This difference could be explained by a weaker contact of HU dimer to DNA since HU
bendability is reduced by the stretched DNA [23, 33].
Next, we obtained the residence time for each experimental condition applying the same
method as used for determining the diffusion coefficient, see 4.4 Materials and Methods.
The residence time of HU exhibits no obvious dependence on tension both without and
with 8 mM of Mg2+, see Figure 5D. However, HU stays shorter on the DNA with 8 mM
Mg2+ than without Mg2+. Our results thus reflect a higher off-rate, at least at forces above
10 pN, with 8 mM Mg2+, which is in line with the higher diffusion rate suggesting a looser
interaction with the DNA.
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Figure 5. Diffusion behaviour and DNA binding stability of HU. (A) Illustration of the
experiment and the condition where the labelled proteins are located on DNA without Mg2+
in the kymographs. (B) Example of diffusion of a single fluorescently labelled HU along
dsDNA with 8 mM Mg2+. Both A and B are kymograph data under 20 pN. (C) Diffusion
coefficients at a full range of tensions without (gray) and with (red) 8 mM Mg2+. (D)
shows durations at full range of tensions. C and D are obtained from Gaussian fitting on
1000-bootstrap resamples (raw data N > 14). Error bar is the standard error of the mean.
The errors represent the variations among the raw traces.
4.3.4 Discussion and conclusion
In this chapter, we investigated the effect of magnesium ions and DNA tension on DNA
binding behavior of HU. Previously, the effect of salt conditions on HU binding had been
studied using many different biochemistry methods [20, 28, 34, 35]. The drawback of these
methods is that no direct information can be obtained on the dynamics of the interaction
between HU and DNA. Recently, HU diffusion behavior has been visually recorded and
measured in vitro and in vivo [24, 33]. However, the specific effects of divalent cations and
different DNA structures were not addressed in these studies.
In our research, we systematically investigated the interaction between HU and DNA
without and with 8 mM Mg2+ and as a function of tension on the DNA. With 8 mM Mg2+,
HU suppresses the tension-induced melting presumably by increasing the stability of the
76 Chapter 4 - The impact of magnesium ions on HU-DNA interactions
DNA duplex. Hence, overstretching is smooth suggesting that either s-DNA or bubbles are
formed. But our fluorescence data show that Mg2+ increases the off and on the rate of HU
protein to DNA. Moreover, Mg2+ enhances the diffusion of HU on DNA. Increased access
to the DNA by HU could explain the structural stabilization of DNA during overstretching.
The high tension on DNA provides HU dimers with more opportunities to bind on DNA
and to replace the proteins just dissociating from DNA. Thus, the exchange rate of HU is
lower than the rate of structural change of DNA.
We compared the diffusion behavior of HU on DNA reported by Kamagata et al. [23]
with that of our studies. Since the DNA was extended in DNA arrays used by Kamagata
et al., we have chosen the diffusion coefficient at 40 pN, where DNA is fully extended
(∼Lc), for comparison. Interestingly, a very large difference in the diffusion coefficient
is found in our study (0.007µm2 s−1, without Mg2+) compared to theirs (0.492µm2 s−1;
[23]). Note that different types of salt and different positions of the fluorescent label on HU
dimers were used in the two studies. Instead of NaCl in this study, K-glutamate (K-Glu)
was used by Kamagata and colleagues. However, the affinity of HU for DNA in NaCl and
in K-glutamate (K-Glu) has elsewhere been reported to be similar [22], so that probably
does not explain the difference in diffusion. We labelled Alexa555 on HupB-cys43 at the
β-strand, close to the center of ‘body’, while Kamagata et al. labelled Atto488 on HupB-
cys91, which is added at the end of the C-terminal of α helix at ‘body’, see SI Figure 7B
and 7C. Considering the configuration of an HU-DNA bending model, see SI Figure 7B,
position 43 keeps 4 Å and position 91 keeps 10 Å distance from DNA. However, for the
case of a straightened DNA, the HupB-43 position is farther from the DNA. Moreover, at
the end of the C-terminal, position 91 has larger degrees of freedom to wiggle, which is
higher possible to interact with DNA compared to position 43, see Figure 7B. It is possible
that label at HupB-91 influences and reduces the interaction between protein and DNA
because it is closer to DNA compared to position HupB-43. As a consequence, HU could
move more freely with a larger diffusion rate. Based on the label position we believe that
our measurement of HU diffusion is more reliable.
In our experimental condition with 8 mM Mg2+, the maximal diffusion coefficient,
∼0.2µm2 s−1, at 40 pN is still lower than the measurement of Kamagata et al. in 50 mM
KGlu (no difference from 50 to 200 mM K-Glu) [23]. At the lowest tension, 5 pN, a diffu-
sion coefficient of 0.094µm2 s−1 is found which is close to an in vivo result (0.14µm2 s−1)
reported by Bettridge et al. [24]. While the agreement is close, note that the in vivo environ-
ment is complex, with ionic conditions, interactions with other proteins and macromolecular
crowding confounding the in vitro behavior in a simple buffer.
In order to investigate the mechanistic basis of the effects of different types of ions we












where kB, T , η, d, Roc, R and ε denote the Boltzmann constant, temperature, solvent
viscosity, the distance between two base pairs of DNA, the distance between DNA and
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a protein, the protein radius, and free-energy barrier, respectively. This allowed us to
calculate effects on the free energy barrier, but also to consider possible effects on the
radius of gyration of the protein. Note that Kamagata et al. used R, the radius of gyration of
the protein structures corresponding to the HU-DNA complexes (PDB 1P71), and Roc∼R
to calculate the free-energy barrier ([1.438±0.005] kBT ) for diffusion. 1) We obtained
the free-energy barrier in 1.08 kBT using the same R and Roc values (PDB 1P71). The
equation for rotation-coupled diffusion does not hold for the condition for HU movement
in the condition without Mg2+ (at 40 pN). 2) We also obtained a radius, R = 1.6 nm, based
on the measurement at 40 pN with Mg2+ and the free-energy barrier (ε) obtained from
Kamagata’s work. This value for the radius of gyration is almost 2-times larger than the R
used in Kamagata’s work. These results suggest that Mg2+ changes the way of binding of
HU to DNA.
The effect of Mg2+ can be both to reduce the free-energy barrier and to increase the
R of the HU dimer. We have discussed in Section 4.3.3 that Mg2+ possibly reduces the
negative charge at the ‘body’ and that way the free-energy barrier might be reduced. Mg2+
effect could also increase the distance between the two ‘arms’ of HU dimer. This in turn
increases the other parameter, R, which can also yield a higher diffusion rate. Nevertheless,
HU ‘arms’ have a length of about 0.3 nm, and thus it is not possible to reach 1.6 nm in
R. Therefor we conclude that the effect of Mg2+ is predominately due to the change
in the free-energy barrier of binding the DNA. Our measurements and the results of our
calculations agree with a recent study by Hammel et al. They proposed that HU dimers can
bind DNA using only one of the arms of the HU subunits to interact with the dsDNA helix
[28]. This interaction reduces the affinity of HU to DNA and promotes the sliding on DNA
and can thus explain our observations.
To summarize, our study is a starting point to explain from a mechanistic point of view
how DNA structure and Mg2+ cations affect HU dynamics. Further investigation of the
details of how structural changes in DNA (e.g. changes in a twist, extension, conformation)
correlate with HU movement (e.g. sliding, pause, or hopping) are required to better model
HU behavior in whole nucleoid models.
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DNA construct
A bacteriophage Lambda (λ) DNA (Spherotech) (47 % GC content), was labelled with
80 mM biotin-14-dATP and biotin-14-dCTP added to a mixture of 100 mM dTTP and dGTP
non-modified deoxynucleotides (Thermo Scientific) at the cos sites 5’-overhangs by the
mutated Klenow DNA polymerase exo-minus (Thermo Scientific). The DNA product was
purified using the GenElute PCR Clean-up kit (Sigma-Aldrich) and stored in TE buffer
(10 mM Tris-HCl pH 8.0 and 1 mM EDTA) at 4◦C. Further details can be found in [38].
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Protein samples
Purification of wild-type HU protein was carried out as described before [39] (also
Chapter 3). For HUA43C, the plasmid pBR322 [40] (a kind gift from George Chaco-
nas) was expressed in E. coli XT067 after heat shock transformation. The purification
process was carried out following the same approach as used for wild-type HU.
For fluorescent labeling, HUA43C was incubated in buffer (25 mM Tris pH 7.5, 1 mM
EDTA pH 7.5, 10 % glycerol, 50 mM NaCl) containing 0.8 mM DTT (4 times higher than
protein concentration) for 2 hours at room temperature (RT) to break down disulfide bonds
between cysteines. DTT was removed using a spin column (Illustra AutoSeq G-50 columns,
Thermo Scientific) before introducing the dye. Fluorescent labeling was carried out in
oxygen-free environment; N2 gas was bubbled through the solution to deoxygenate the HU
sample mixes with the dye, with 10-fold excess of dye compared to protein for 4 hours at RT.
The labelled HU protein was purified using an SP column (1 ml). The protein was eluted at
200 mM NaCl. Alexa555-HU concentration was determined using BCA (Bicinchoninic
Acid) protein assay (Thermo Scientific). The Alexa555 concentration was determined by
NanoDrop. Using this information, the labeling ratio (maximally two fluorophores per HU
dimer) was determined at 90 %. The DNA bending ability of labelled HU was verified
using optical tweezers and was found to be comparable to wild-type HU protein, see SI
Figure 1.
Optical tweezers experiment
The experiments were performed on a commercial dual-trap optical tweezers instrument
with confocal fluorescence imaging (C-trap; Lumicks). A λ-dsDNA molecule was captured
in laminar flow between a pair of streptavidin-coated polystyrene microspheres (4.65µm in
diameter, Kisker) held by optical traps. The single dsDNA attached in between the beads
was then moved into a protein channel for protein incubation.
Force-extension experiments on protein-DNA complexes were performed following 1
minute incubation. Tension was applied on the protein-DNA complex by increasing the
end-to-end distance of the dsDNA molecule at a rate of 0.2µm s−1. All optical tweezer
experiments were performed at RT.
Three HU protein concentrations were used: 40, 400, and 2000 nM. The protein was
diluted in two types of buffers: buffer I (50 mM NaCl, 100 mM Tris-HCl pH 7.5, 1 mM
EDTA) and buffer II (buffer I in addition of 8 mM MgCl2) according to desired experimental
conditions.
Fluorescence experiment
The experiments in Section 4.3.1 and 4.3.2 were carried out in the protein channel. The
experiments in Section 4.3.3 were carried out in a protein-free channel. Within the protein
channel, measurements were carried out following a 1 minute incubation. For measurements
in the protein-free channel, protein-bound DNA molecules were moved from the protein
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channel to the protein-free channel following a 1 minute incubation at different tensions.
Translocation of the protein-DNA complex occurred at a constant rate of 0.2µms−1, with
the end-to-end distance of DNA kept constant. A 532 nm excitation laser was used to excite
Alexa555 labelled protein. An electronic multiplying charge-coupled device (EMCCD)
camera was used for collecting signals.
For all fluorescence experiments 40 nM Alexa555-labelled HU protein was used. Each
protein sample had been incubated in buffer I or II for 2 hours on ice prior to the measure-
ments.
Data analysis
Lc and Lp were obtained from the force-extension curve of HU-DNA complexes by fitting
to an extensible worm-like chain (eWLC) model using a custom-written program in Matlab
[25]. Only data at forces below 30 pN were fitted.
The overstretched tension is defined as the tension corresponding to the first pick which
appears at the beginning of the melting region on FD curve. In the overstretched region,
the end-to-end distance of DNA increases by a large magnitude corresponding to a small
amount of increase in tension. With 8 mM MgCl2, the bursts are suppressed in the melting
region, hence the overstretched tension is defined as the tension corresponding to a slope
on FD curve that is <0.02.
Quantification of fluorescence intensity
Fluorescence data from 4.3.2, Figure 4, was analyzed using ImageJ (NIH) [41]. The
fluorescence intensity at each range of tension was normalized by dividing the total image
pixels.
Determination of HU diffusion coefficient
The displacement of each protein dimer on the DNA was measured over time by record-
ing fluorescence movies at a high frame rate (167 Hz). The corresponding trajectories
(>6 s) were analyzed with a custom-written MATLAB-based program [34] that tracked
the position of each Alexa-555-HU dimer as a function of time. The diffusion constant
(D) was determined for each individual trajectory with the same analysis program using
1-dimensional mean square displacement (MSD) [42]. Further, we obtained the diffusion
coefficient of each experimental condition, Figure 5C, from a 1000-bootstraps (using Mat-
lab commercial script) histogram fitted by a Gaussian function (using OriginLab), see SI
Figure 3 and 4. For each experimental condition at least 20 traces were used. Only traces
spanning longer than 20 s and which did not cross other traces were considered. Errors
represent in Figure 5C are the standard deviation of the mean, which was divided by the
square of the amount of raw traces of each condition.
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Determination of HU residence time
First, the residence times of each individual protein trajectory is collected from Kymographs.
Residence times of all the trajectories were then categorized according to their measurement
conditions; with or without 8 mM Mg2+ and at which tension. Due to the different
number of trajectories were collected for different experimental conditions, 1000 bootstrap-
resampling is applied (using Matlab commercial script). The histograms results of the
bootstrap are fitted by a Gaussian function (using OriginLab), see SI Figure 5 and 6. For
each experimental condition at least 20 traces were used. Only traces which did not cross
other traces were considered. Errors represent in Figure 5E are the standard deviation of
the mean, which was divided by the square of the amount of raw traces of each condition.
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4.6 Supplementary
SI Figure 1 to 5 include multiple independent experiments which labelled with different
colours and patterns.
SI Figure 1. The FD curves of Alexa555-labelled HU and wild-type HU.
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SI Table 1. The Lc and Lp values of HU-DNA in the condition without and with 8 mM
Mg2+.
HU Concentration Lc Lp N
(nM) (µm) (nm)
Without Mg2+
0 16.7±0.2 54.5±0.8 48
40 16.8±0.2 32±3 43
400 16.5±0.2 101.7±0.7 22
2000 16.4±0.2 169±1 29
With 8 mM Mg2+
0 16.7±0.2 44.0±0.3 74
40 16.4±0.4 28±1 47
400 16.5±0.2 37.2±0.5 25
2000 16.5±0.2 119±3 16
SI Figure 2. The extension and retraction curves of (A) bare DNA without and with
8 mM Mg2+ buffers. (B) The extension and retraction curves of HU-DNA with 400 nM
HU incubation in the condition without and with 8 mM Mg2+.
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SI Figure 3. The histogram of the diffusion coefficient in the condition without Mg2+.
The bin size is 200 nm2 s−1.
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SI Figure 4. The histogram of the diffusion coefficient in the condition with 8 mM
Mg2+. The bin size is 200 nm2 s−1. The bin size is 15000 nm2 s−1 for data obtained at all
force but 20 pN; bin size is 5000 nm2 s−1 at 20 pN.
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SI Figure 5. The histogram of the duration in the condition without Mg2+. The bin
size is 1000 ms.
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SI Figure 6. The histogram of the duration in the condition with 8 mM Mg2+. The
bin size is 1000 ms.
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SI Figure 7. HU surface charge and the HU-DNA bending model. (A) The surface
charges of HU protein. Homology model based on three models (PDB codes 4YEY, 4YEW
and 2O97) by Modeller [43]. Negative, neutral, and positive charges are marked in red,
white, and blue indicate, respectively. (B) The structure shown is based on a homology
modeling of E.coli IHF (PDB code 1HIF). HUβ and HUα are coloured in magenta and
light yellow, respectively. The HU model is also aligned with an Anabaena HU (PDB
code 1P71), in light gray, to indicate the additional amino acid at the position 91. DNA is
coloured in navy blue. The distances, red dash-line, indicate the DNA elements and HUβ
position 75 that are most prone to interact with the labels. The distances were analyzed by
Chimera [http://www.cgl.ucsf.edu/chimera] (C) The numbering of the amino
acids is according to that of E.coli HU, which is exported from PDB.
English Summary
All biochemical and biophysical processes within a cell occur in a crowded environment.
The combined interactions between proteins, DNA, and other large biological macromolec-
ules lead to a complex molecular motion of each object. The complicated nature of all these
molecular interactions is often ignored and not investigated in a systematic way. HU protein
is one of the most interesting candidates to study the interactions between protein and DNA
since it is one of the most abundant proteins in most eubacteria and as a nucleoid-associated
protein considered an important factor in shaping the bacterial genome. Through tethered
particle motion (TPM) and acoustic force spectroscopy (AFS), I am able to describe the
structure of a protein-DNA complex in a crowded environment and under different ionic
conditions. With optical tweezers combined with a fluorescence confocal microscope, I can
visualize individual proteins to interact with DNA and describe the dynamics of HU under
different ionic conditions. This is relevant as the DNA binding properties of HU depend on
the type of crowding macromolecules and ionic conditions.
Among the above-mentioned techniques, AFS allows force measurements on hundreds
of single molecules at the same time. This method is integrated into a lab-on-a-chip device,
and allows massively parallel data collection (tens to hundreds of samples), hence yielding
well-quantified results. In Chapter 2, I introduce the AFS methodology, including the
sample preparation procedure, and demonstrate some of its applications. This chapter
provides new users with step-by-step instructions to perform protein-DNA interaction
studies.
Most of the studies on protein-DNA interactions have been carried out in a simple
in vitro system. It is not evident that these observations can be extrapolated to a living
cell. Therefore, I investigated the DNA binding properties under conditions approximating
physiological conditions, including macromolecular crowding and salt conditions. Mg2+
was selected because it is one of the basic elements within a bacterial cell. Mg2+ plays
an important role in the catalytic activity of enzymes and in change the conformation of
some proteins. I use HU as a model system since it is one of the most abundant bacterial
DNA binding proteins. Using TPM, I recorded the movements of bead-tethered DNA
and protein-DNA complexes in three types of crowding agents, blotting-grade blocker
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(BGB), bovine serum albumin (BSA), and polyethylene glycol 8000 (PEG8000), as well
as in conditions with MgCl2. The results in Chapter 3 show that the two binding modes,
which have been reported previously, are clearly seen in TPM experiment. Moreover,
the two modes co-exist in a transition phase between these two modes. However, the
crowding environment suppresses HU filamentation, and there is no more a co-existence
state. It seems that Mg2+ suppresses the filamentation and also interacts with crowding
macromolecules. The structure of the crowding macromolecule is changed due to Mg2+,
and consequently yields a different crowding impact compared to in the absence of Mg2+.
All these observations are useful references for further studies on proteins in a mimicked in
vivo environment.
HU has been indirectly observed to diffuse along with DNA in vivo. However, the
number of observations and knowledge about the dynamics of the bound HU on DNA
is limited. We have learned from TPM results that the introduction of MgCl2 alters the
DNA binding behavior of HU. That is why, in Chapter 4, I used optical tweezers and
confocal fluorescence microscopy to visualize the movement of single HU dimers directly
on double-stranded DNA in the presence and in the absence of Mg2+.
To resolve the effects of varying charges and tensions on HU, I have obtained parameters
to describe the protein movement using a diffusion rotation-coupled equation. The equation
describes the diffusion of the protein along the DNA grooves when at the same time
the protein rotates around the DNA due to its helix shape. The parameters indicate that
Mg2+ reduces the free-energy barrier for diffusion or increases the radius of gyration
(Rg) of HU protein. HU has a higher affinity to stretched DNA, which enhances the
stability during DNA melting. Further investigations aimed at studying specific correlations
between structural changes of DNA (e.g. whether it is twisted, straight, bent, or coiled) and
HU movement (e.g. sliding, pausing, or hopping) are essential to establish good models
describing the complexity of nucleoids and cells.
Nederlandse Samenvatting
Alle biochemische en biofysische processen in de cel vinden plaats in een zeer dicht
opeengepakte omgeving. De gecombineerde interacties tussen eiwitten, DNA en andere
grote biomoleculen zorgen voor een zeer gecompliceerde moleculaire beweging van elk van
de moleculen. Over het algemeen wordt de invloed van deze interacties vaak verwaarloosd,
en zeker niet op een systematische manier bestudeerd. Het eiwit HU is een van de meest
relevante eiwitten om de invloed van dergelijke omgevingsfactoren te bestuderen, aangezien
het een van de vaakst voorkomende eiwitten is in de meeste eubactieriën. HU spelt een
grote rol bij het organiseren van het bacteriële genoom. Met behulp van ‘tethered particle
motion’ (TPM) en akoestische krachtspectroscopie (AFS) kan ik de structuur van eiwit-
DNA interacties in een dicht opeengepakte omgeving onder verschillende zoutcondities
beschrijven. Met een optisch pincet, gecombineerd met confocale fluorescentie microscopie
kan ik individuele eiwitten zichtbaar maken tijdens hun interactie met DNA en de dynamiek
van HU onder verschillende zoutcondities beschrijven. Dit is relevant omdat de interactie
van HU met DNA afhangt van het type macromoleculen in de directe omgeving en van de
zoutcondities.
De hierboven genoemde techniek AFS maakt het mogelijk om tegelijkertijd kracht-
metingen te doen aan honderden individuele moleculen. Deze methode maakt gebruik van
een speciale chip waardoor al deze data in parallel verkregen kan worden (van tientallen tot
honderden moleculen tegelijk), waardoor statistisch robuuste resultaten verkregen kunnen
worden. In Hoofdstuk 2 introduceer ik AFS, de bijbehorende procedure om preparaten te
maken en demonstreer ik enkele toepassingen van AFS. Dit hoofdstuk biedt een stap voor
stap instructie waarmee een beginnende gebruiker eiwit-DNA interacties kan bestuderen.
De meeste studies van eiwit-DNA interacties zijn uitgevoerd in in vitro systemen. Het
is niet vanzelfsprekend dat de resultaten die daarmee gevonden zijn direct geëxtrapoleerd
kunnen worden naar de omgeving binnen een cel. Daarom heb ik zoveel mogelijk de
eigenschappen van DNA binding onder fysiologische condities bestudeerd, waaronder de
macromoleculen in de directe omgeving en de zoutcondities. Mg2+ is gebruikt omdat dit
element een belangrijke rol speelt in de bacteriële cel. Mg2+ speelt een belangrijke rol
in de katalytische activiteit van enzymen en in structurele veranderingen van sommige
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eiwitten. Ik gebruik HU als modelsysteem omdat het een van de meest voorkomende
bacteriële eiwitten is dat bindt aan DNA. Met behulp van TPM volg ik de bewegingen
van aan een bolletje gebonden DNA en DNA-eiwitcomplexen in in de aanwezigheid van
drie verschillende reagentia om de directe omgeving van de complexen mee te vullen:
‘blotting-grade blocker’ (BGB), ‘bovine serum albumin’ (BSA), and polyethyleen glycol
8000 (PEG8000). Daarnaast maak ik gebruik van verschillende concentraties MgCl2. De
resultaten in Hoofdstuk 3 laten zien dat dat er twee verschillende manieren zijn waarop
HU aan DNA kan binden. Dit is eerder ook laten zien met behulp van TPM experimenten.
Bovendien laat ik zien dat deze twee verschillende manieren tegelijkertijd kunnen bestaan
in een faseovergang tussen de twee manieren. Echter, in een drukkere omgeving wordt
het vormen van HU filamenten onderdrukt, en blijft er slechts 1 manier van binden over.
Daarbij lijkt het erop dat Mg2+ het vormen van filamenten tegengaat en direct bindt aan
de omgevingsreagentia. De structuur van de moleculen in de omgeving verandert door
de aanwezigheid van Mg2+, waardoor deze omgevingsmoleculen een verschillend effect
hebben ten opzichte van de situatie zonder Mg2+. Al deze observaties zijn belangrijk voor
verder onderzoek in nagebootste in vivo situaties.
Via indirecte methodes is aangetoond dat HU langs het DNA beweegt door middel van
diffusie. Toch is de kennis over de binding en dynamiek van HU op DNA beperkt. Uit
TPM experimenten hebben we geleerd dat MgCl2 de interactie van HU met DNA verandert.
Daarom heb ik in Hoofdstuk 4 gebruik gemaakt van een optisch pincet en confocale
fluorescentiemicroscopie om de beweging van enkele HU-dimeren langs dubbelstrengs-
DNA zichtbaar te maken, zowel in de aanwezigheid als afwezigheid van Mg2+.
Om het effect van variërende lading en spanning op HU te ontrafelen, heb ik verschil-
lende parameters bepaald die de beweging van de eiwitten beschrijven. Hiervoor heb ik een
rotatie-gekoppelde diffusievergelijking gebruikt. Deze vergelijking beschrijft de diffusie
van een eiwit langs de groeven van het DNA, waarbij aangenomen wordt dat het eiwit
de helixvorm van het DNA volgt. De parameters die ik heb bepaald laten zien dat Mg2+
de energie barrière voor diffusie reduceert, of de traagheidsstraal (HU) van het HU eiwit
vergroot. HU heeft een grotere affiniteit voor DNA onder spanning, waardoor de stabiliteit
tijdens het smelten van het DNA vergoot. Verder onderzoek, gericht op het bestuderen
van specifieke correlaties tussen structurele veranderingen van het DNA (bijvoorbeeld of
het DNA gedraaid, recht gebogen of opgewonden wordt) en de beweging van HU (door
glijden, pauzeren of springen) is essentieel om een goed model te verkrijgen waarmee de
complexiteit van nucleoiden en cellen beschreven kan worden.
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